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A Current-Mode Buck Regulator with an
Adjusted-Slope Compensation Ramp

Chen-Yu Wang* Tai-Haur Kuo**
Department of Electrical Engineering, National Cheng-Kung University

Tainan City, Taiwan, Republic of China

Abstract

A current mode buck regulator with integrated power switches and an adjusted-slope
ramp scheme is implemented in this thesis. Sub-harmonic Oscillation is a well-known
problem in current mode control with the duty ratio larger than 0.5. For the compensation
of sub-harmonic oscillation problem, this thesis proposes an adjusted-slope compensation
ramp scheme which is not like the traditional constant-slope scheme. This scheme makes
the slope of the compensation ramp appropriate but not too much for different output
voltage. It not only can avoid the sub-harmonic oscillation problem like the traditional
scheme but also have better gain and bandwidth in inner loop than traditional scheme.
Further, this scheme has additional advantage of power-saving in current sensor. This will
ease the inherent disadvantage of less efficiency in current mode control than voltage mode
control due to the power dissipation of current sensor.

This current mode buck regulator is fabricated with TSMC 0.35um 2P4M 3.3V/5V
Mixed Signal CMOS process. The total chip area is about 1.27x1.16mm? The detailed

measurement and performance is described in the following chapter.

*The author

**The adviser
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Chapter 1

Introduction

With the rapid progress in the semiconductor technology, the chip density and
operation frequency have greatly increased, making the power consumption in digital
circuits also have the same trend. For battery-operated portable electronic devices,
although the rapid progress can make their size and weight smaller and lighter, extra high
power consumption will greatly reduce the battery life and increase inconvenience for
people.

An effective method for low-power design is to reduce the supply voltage while
satisfying the performance constraints. This voltage scaling method [1] typically present in
portable electronic devices shown in Fig.1.1 scales the supply voltage through a step-down

DC/DC regulator to a lower voltage in order to reduce power dissipation [2].

Battery

mTTTTTTT b Step-down DC/DC
Regulator

VLSI Circuit

+

Fig.1.1 An integrated model of portable electronic devices

From Fig.1.1, it can be seen that the step-down DC/DC regulator plays an important role in



the aspect of lengthening the battery life. Therefore, how to choose an appropriate
step-down DC/DC regulator to optimum the performance, efficiency and so on of the

system will be a major concern for VLSI designers.

1.1 Motivation

Generally, the step-down DC/DC regulator can distinguish into two categories. One is
the linear regulator shown in Fig. 2.1 (a) and the other is the switching regulator shown in

Fig. 2.1(b) [3] [4].

A
>
3
S
S

Control Circuit '

Control Circuit '

@) (b)

Fig.1.2 The structure of (a) the linear regulator (b) the switching regulator

E
A

In the aspect of structure, both the core circuit and the control circuit of the switching
regulator are more complex than that of the linear regulator. In the aspect of speed, the
switching regulator due to the limitation of switching frequency is slower than the linear
regulator. In the aspect of output voltage, due to the driving signal which is analog in the
linear regulator but is digital in the switching regulator of the transistor ‘M1°, the output
voltage of the linear regulator is more noiseless than that of the switching regulator. But it
is well known that the switching regulator is characterized by its high efficiency and large
density of power by volume unit, surpassing actual possibilities of the linear regulator. The
conversion efficiency of the switching regulator is typically 70~90% as opposed to
30~50% for linear regulator. Consequently, the switching regulator is more suitable for

portable application than the linear regulator. So the research topic of my thesis



concentrates on the switching regulator.

In this thesis, a current mode buck regulator is implemented. The buck regulator
scales a supply voltage to a lower output voltage in order to lengthening the life of the
supply source. The current mode control for the switching regulator has the advantages of
faster line-to-output transient response and easier design of compensation than the voltage
mode control [5], [7]. For inherent sub-harmonic oscillation [5], [6], [7] in current mode
control, this thesis proposes an adjusted-slope ramp scheme which is not like the traditional
constant-slope one. This scheme adjusts the slope of the ramp which is enough but not too
over to follow different output voltage. It not only can avoid the sub-harmonic oscillation
problem like the traditional one but also have better performance of gain and bandwidth
than traditional one. Further this scheme has additional advantage of power-saving in
current sensor. This phenomenon will reduce power loss in current mode control and ease
the inherent disadvantage of the efficiency in current mode control which is worse than
voltage mode control due to the power dissipation of current sensor. As a result, this
regulator in my design, the conversion efficiency can be up to 92% and it is suitable for the

application of portable products.

1.2 Organization

This thesis is organized as six chapters. Brief content of each chapter is described as
follows. In chapter 2, the fundamental concepts of the switching regulator are described.
Firstly, some specification of the switching regulator is introduced. Secondly, three basic
topology of the dc/dc switching regulator are presented. Finally, various control scheme in
feedback are illustrated and comparison. In chapter 3, firstly, the current mode buck
regulator stage which is implemented in this thesis is explained including large signal and
small signal in detail. Secondly, the proposed improvement is described and implemented
in this system. Finally, the stability of the whole system is considered. Chapter 4 extends
this design into circuit level. Every circuit in this system is described and analyzed. And
simulation results are also shown and described in this chapter. Chapter 5 presents the
physical consideration and the results of measurement in this design. Chapter 6 offers some

conclusions and recommendations for future work.



Chapter 2

Fundamentals of Switching Regulator

2.1 Specification of Switching Regulator [5]

2.1.1 Input Voltage

This index means the some input voltages which let the performance of this regulator
conform to the desired specification. It is usually specified, whether ac or dc, together with

the voltage range.

2.1.2 Output Voltage Ripple

In dc/dc regulator, the output voltage ripple is mainly decided by output filter capacity,
switching frequency and voltage spike. It is normally expressed as peak-to-peak voltage.
Sometimes it is given as a percentage of the nominal output voltage or as a root mean
square voltage. As for the reduction of output voltage ripple, it can be implemented by
increasing the output filter capacity, increasing the switching frequency, decreasing the

effect of the inductance in fast transient large current ports etc.

2.1.3 Regulation

This is an index about influence of outside environment on output voltage. It is the
measurement of how close the output voltage stays to its nominal value over full range of
operating conditions. In general, it is divided into three components: line, load, and

temperature regulation.



1. Line Regulation
Line Regulation is a measurement of the effect of changes in the input voltage on the
output voltage. There are usually two methods to define line regulation. The first
definition is percentage of changes in output voltage versus changes in input voltage. It

is defined as

AVout

m

Line Regulation 1= x100% (%/V) (2-1)

The second definition includes the parameter of output nominal voltage into the first

definition. So its value is highly related to output dc voltage. It is defined as
AVout 1
X

in

Line Regulation 2 =

x100% (%/V) (2-2)

nom
2. Load Regulation
Load Regulation is the percentage change in steady output voltage when load current is
in different condition. (It usually considers maximum current and minimum current)

There are usually two methods to define load regulation. The first definition is as

AVout

Load Regulation 1 = x100% (%/A) (2-3)

load

The second definition includes the parameter of output nominal voltage into the first

definition. So its value is highly related to output dc voltage. It is defined as

AVout 1
X

Load Regulation 2 = x100% (%/A) (2-4)

load nom

3. Temperature Regulation
Temperature Regulation is the effect of change in environmental temperature on the
output voltage. There are usually two methods to define temperature regulation. The

first definition is as

Temperature Regulation 1= AVou

x100% (%/°C) (2-5)

The second definition includes the parameter of output nominal voltage into the first

definition. So its value is highly related to output dc voltage. It is defined as

Temperature Regulation 2 = AZ;M X Vl x100% (%/°C) (2-6)

nom

Although many factors influence regulation of output voltage, the regulator usually



has a feedback circuit to compensate for such changes and keep output voltage within

desired limits.

2.1.4 Transient Response

Transient Response is defined as a variation of output voltage when load current
suddenly changes from one level to other level. In past, this parameter is often ignored in
industry. But in present age of high speed electronic manufactures, this parameter is more
and more important because most kinds of electronic manufacture need a large number of
current in few microseconds even in few nanoseconds. If the regulator does not keep its
output voltage which is supplied to electronic manufactures not change drastically in a big
variation of load current, it will highly affect performance of electronic manufactures. So
the consideration of transient response is more and more critical.

The transient response is mainly influenced by the bandwidth of regulator, output
capacitor, and equivalent series resistance of output capacitor. There are two definitions to
show characteristics of the transient response. One is “Deviation of Output Voltage”, and
the other is "Recovery Time ”. The two definitions will be explained in Fig.2.1 and Fig.2.2.
Fig.2.1 shows a basic switching regulator and a dynamic output load. Fig.2.2 shows

characteristics of the transient response.

Switching
Regulator Vout oyt

lout 1

ESR |
Load

Al

C

T T2 Time

: —l— T ----- ! :

Fig.2.1 Abasic switching regulator and a dynamic output load
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Vout
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}_

I
------------}N

1 AT, 1 AT, Ti
T1 T2 Ime

Fig.2.2 The Transient Response of Output Voltage
Fig.2.1 shows that a load current of switching regulator suddenly change from full load to
light load at T1 and from light load to full load at T2. Fig.2.2 shows the transient response
of output voltage to sudden changes in load current. This figure is divided to two
conditions.

Condition 1: full load to light load

Deviation of output voltage =AV, = AlxAt, + Al x ESR (2-7)
Recovery time = AT, (2-8)
Condition 2: light load to full load

Deviation of output voltage =AV, = AlxAt, +AIxESR (2-9)
Recovery time = AT, (2-10)

In general, Deviation of output voltage and recovery time is chosen maximum value
between condition] and condition 2. So the result is defined as

Deviation of output voltage = max(AV, , AV,) (2-11)

Recovery time = max(AT, , AT,) (2-12)

2.1.5 Efficiency
The efficiency of regulator is very important topic in electronic system. In general, the

regulator converts a dirty voltage and current into a clean voltage and current. So the



regulator is equal to a medium in electronic system. Since it is only a medium, the power
loss is as less as it can be. The less energy the regulator requires, the more energy the other
main electronic circuits can obtain. If the regulator has low efficiency, not only power is
wasted but also unnecessary heat is produced, which will increase extra weight and cost.
The efficiency in switching regulator as Fig.2.3 is defined as the ratio of the output

power to input power.

I, oo
' feedback <—'
circuit |4
- I Vout
Iout
Load
Fig.2.3 The basic switching regulator
From Figure.2.3, the efficiency is calculated as follows:
Efficiency = Vow X o x100%
\]in X Iin
VI (2-13)
—> Efficiency = ou ™ Cout x100%

(Vo % L H(Vyy X, )+ (I xR

out

+I§ desn)

dsp

In denominator, the first term V_, xI , means output power consumption, and the second
term V, xI, means quiescent power consumption which means the power consumption

in the chip when no output current is desired, and the third term (I} xR+ xR )

dsp
means power consumption in power transistor which includes conduction loss and
switching loss. According to the above equation, the second term and the third term in
denominator must be minimized to improve efficiency. Saving power consumption in
feedback circuit can decrease the value of the second term. Adopting a transistor with large
W/L ratio can decrease the resistance of transistor, and then decrease the value of the third

term. By doing more, the efficiency will be improved better.



2.1.6 Electromagnetic Interference (EMI)

This problem normally does not happen in linear regulator or low frequency switching
regulator, but the problems associated with EMI increase with frequency. EMI is spurious
electromagnetic energy that pollutes the local environment around a noise-generating
source. This electromagnetic energy generates both electric and magnetic fields, which can
propagate into the environment in two ways. One way is via the high frequency noise
currents that flow through the interface lines (conducted emissions). The other way is via
radiation through the atmosphere surrounding the noise-generating source (radiated
emissions). In this thesis, we focus on the conducted emissions and construct the input

filter to reduce the influence of conducted emissions.

2.2 Summary of Basic Switching DC-DC Regulators [5] [6] [7]

2.2.1 Three Circuits
Switching DC-DC regulator is divided to three circuits as Table 2.1 by their dc
conversion ratios.

Table 2.1 The characteristics of switching DC-DC regulators

Circuits Output vs. Input Polarity of output
Buck Step-down Same polarity
Boost Step-up Same polarity
Buck-Boost Step-down or Step-up Inverse polarity

1. Buck regulator
The buck regulator, Fig.2.4(a), is a well-known switching regulator that is capable of

producing a dc output voltage smaller in magnitude than the dc input voltage.



NG C=+ R

Fig.2.4 Buck regulator: (a) circuit (b) the switch in 1 (c) the switch in 2
From Fig.2.4, with the switch in position 1, the inductor voltage is equal to Vi, - Vou, and

with the switch in position 2, the inductor voltage is equal to - Vo, as shown in Fig.2.5.

v (1) 4
Vin'Vout
< DT, —«-D'T—
0 >
_Vout t
Switch position : 1 : 2 : 1

Fig.2.5 Steady-state inductor voltage waveform, buck regulator

In steady state, the net volt-seconds applied to an inductor must be zero. By equating <VL>

to zero, and noting that D+D =1, one obtains D(V, -V, J+D(-V,

out

) =0 .Solution for

conversion ratio yields conversion ratio=V_ /V, =D as shown in Fig.2.6

Fig.2.6 Conversion ratio of buck regulator M(D)=V,u/Vin

10



2. Boost regulator

The boost regulator, Fig.2.7(a), is another well-known switching regulator that is capable

of producing a dc output voltage greater in magnitude than the dc input voltage.

+ V(O ..
) g’?“ . .
— Y ‘—0\02 ® Vi CT RS Vo
+ —
1 -
Vo O CF RSV, (b)
+ V(O -
Y
@ - v —Il_> L IclJ_ +
= n (@) CT RS Vo
(a) —
h
C

Fig.2.7 Boost regulator: (a) circuit (b) the switch in 1 (c) the switch in 2
From Fig.2.7, with the switch in position 1, the inductor voltage is equal to Vj,, and with

the switch in position 2, the inductor voltage is equal to Vi, - Vour, as shown in Fig.2.8.

VL(t)

< DT, >« DT>

Switch position : 1 2 1

Fig.2.8 Steady-state inductor voltage waveform, boost regulator
In steady state, the net volt-seconds applied to an inductor must be zero. By equating <VL>
to zero, and noting that D+D =1, one obtains D(V, )+D(V,-V,,)=0 .Solution for

conversion ratio yields conversion ratio =V, /V, =1/D" as shown in Fig.2.9

11



M(D)=1/(1-D)
M(D)

Fig.2.9 Conversion ratio of boost regulator M(D)=V,ut/Vin
3. Buck-boost regulator
The buck-boost regulator, Fig 2.10(a), is capable of producing a dc output voltage either
greater or smaller in magnitude than the dc input voltage, and it inverts the polarity of dc

output voltage.

+ VL(t) -

out

Fig.2.10 Buck-Boost regulator : (a) circuit (b) the switch in 1 (c) the switch in 2
From Fig.2.10, with the switch in position 1, the inductor voltage is equal to Vj,, and with

the switch in position 2, the inductor voltage is equal to V,, as shown in Fig.2.11.

VL(t) A

<

< DT, —»<«D'T >

0 Vour |
(inverse polarity)

Switch position : 1
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Fig.2.11 Steady-state inductor voltage waveform, buck-boost regulator

In steady state, the net volt-seconds applied to an inductor must be zero. By equating <V,_>
to zero, and noting that D+D =1, one obtains D(V,)*D(V,,)=0 .Solution for

conversion ratio yields conversion ratio =V, /V, =-D/D as shown in Fig.2.12

D

M(D)

-4 M(D)=-D/(1-D)

Fig.2.12 Conversion ratio of buck-boost regulator M(D)=Vout/Vin

2.2.2 Estimation of Output Voltage Ripple
Consider the buck regulator of Fig.2.13(a). The inductor current 1 (t) contains a dc

component I and linear ripple of peak magnitude Ai; as shown in Fig.2.13(b).

1 ¢ 0 DT, T, t
(a) (b)
Fig.2.13 Buck regulator: (a) circuit (b) steady-state inductor current waveform
In a well designed converter, in which the capacitor provides significant filtering of
switching ripple, the capacitance is chosen large enough that its impedance at the switching
frequency is much smaller than the load impedance. Hence nearly all of the inductor
current ripple flows through the capacitor, and very little flows through load. The capacitor
current is equal to the inductor without dc component as Fig.2.14 (a). The current ripple is

linear, with peak value Aiy.
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i(t) total charge q

Fig.2.14 Buck regulator, (a) output capacitor current (b) output capacitor voltage

From Fig.2.14, by the capacitor relation Q=CV, q of the Fig.2.14 is calculated as
1. T
q=C(2Av)...(1) and qZEAlL 75...(2) (2-14)

By make (1) and (2) of (2-14) equal, the solution for the voltage ripple peak magnitude Av
yields

_ AT,
8C

Av (2-15)

This expression is used without consideration of capacitor equivalent series resistance
(ESR). In practice, the additional voltage ripple caused by ESR must be included. The
voltage ripple with ESR is calculated as

AL, T Ts
Av=1.(t)x ESR+—L—= = Ai, T x(ESR+— 2-16
c(® 2C LTox( 8C) (2-16)

In general, the ripple caused by first term ’ESR’ is much greater than caused by second
term’Ts/8C’. So consideration of ESR is essential for estimation of output voltage ripple in

switching regulator.

2.2.3 The Discontinuous Conduction Mode
The discontinuous conduction mode arises when the switching ripple in an inductor
current or capacitor voltage is large enough to cause the polarity of applied switch current

or voltage to reverse. Let us consider how the inductor current waveforms change as the
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load current is reduced. Let’s use the buck regulator (Fig.2.15(a)) as a simple example.

i, (t)

(c)
Fig.2.15 Buck regulator, (a) circuit (b) inductor current in CCM (c) inductor current
in DCM

The inductor current i (t) waveforms are sketch in Fig.2.15(b) for continuous conduction
mode. As described in former sections, the inductor current waveform contains a dc

component I, plus switching ripple of peak amplitude Ai;. Approximately, the inductor

current dc component I is equal to the load current: 1= % The switching ripple peak

v

s " V,DDT . ,
amplitude is: Ai, = (‘“—"“‘)DTS =—2——=_ Suppose now that the load resistance R is
2L 2L

increased, so that the dc load current is decreased. The dc component of inductor current I
will then decrease, but the ripple magnitude Aip will remain unchanged. If we continue to
increase R, eventually the point is reached I < Aiy, illustrated in Fig.2.15(¢c). In Fig 2.15(¢c),
there are three subintervals during each switching period Ts. During the first subinterval
the transistor conducts, and the diode conducts during the second subinterval. At the end of
the second subinterval the diode current reaches to zero, and during the remainder of
switching period neither the transistor nor the diode conduct. The regulator operates in the
discontinuous conduction mode.

From above argument, we know that I and Aip are key point to distinguish the
conditions for operation in the continuous and discontinuous conduction mode. The

conditions is :
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I> A1, for CCM

. (2-17)
I<Ai, for DCM

. . _V.DDT . . .
Insertion of 1= % and Ai, Z? into I > or <Ai yields the following

condition for operation in the continuous or discontinuous conduction mode:

Vou V,DDT, 2L

[>A] => - = —>D =>K > K_, (D) for CCM  (2-18)
R 2L RT,

[<Ai, => Vou (YuDDL 2Ly o K., (D) forDCM  (2-19)
R 2L RT,

S

where K=2L/RT; and Ki(D)=D’. The other expression in terms of the load Resistance R

is follows:
1>Ai, = Yo, VDD p 2L R CR_D)for coM  (220)
R~ 2L DT
T<Ai, = Y VuDDL - p 2L R S R_(D)for DCM (221
R~ 2L DT,

S

where Rit(D)=2L/D’T;. A similar analysis can be performed for other converter. The

results are listed in Table 2.2

Table 2.2 Boundary of CCM and DCM for the buck, boost, buck-boost regulators

Regulator Kerit(D) Rerie(D)
Buck (1-D) 2L
(1-D)T,
Boost D(1-D?%) 2L
D(1-D)’T,
Buck-boost (1-D )2 2L
(1-D)°T,

After the discussion about boundary of CCM and DCM, let us analyze the conversion
ratio Vou/Vin of the buck regulator ( Fig.2.15(a) ) in DCM. The inductor voltage in
different subinterval is shown as Fig.2.16 (a). During subinterval 1, the transistor conducts,
and the inductor voltage v (t)=Vin-Vou. During subinterval 2, the diode conducts, and the
inductor voltage vi(t)=- V,u. During subinterval 3, both transistor and the diode is in the
off state, and the inductor voltage vi(t)=0. According to the principle of inductor volt

second balance, the dc component in the inductor must be zero.
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<v (t)> = D(V,-V,,)D,(-V, )*tD;0)=0 (2-22)

Solution for conversion ratio yields

. . vV D
Conversion ratio = —2 = L (2-23)
Vin D1+D2
vi(®) i () 4
Vin_vout - .
— Ipeak
I (Vin-vout)/L
-V, /L
0 >
0T, | I B et N D
_Vout 0 DTs t
| D,Ts | D,Ts |D,Ts| | DTs | D,Ts |D,Ts|
(@) (b)
Fig.2.16 Buck regulator in DCM , (a) inductor voltage (b) inductor current
From Fig.2.16 (b), the average inductor current is calculated:
1 ¢, 1. 1.
L] i O =iy (D DT
s s (2-24)
. DT
Average inductor current =?‘“=(Vin -V, ) 21Ls )(D,+D,)

Elimination of D, from conversion ratio equation and average inductor current equation,

and solution for the conversion ratio Vou/Vin, yields

Vou _ 2 ,where K=2L/RT,

V.
LI /1+§ (2-25)
Dl

A similar analysis can be performed for other converter. The results of conversion ratio

M(D) are listed in Table 2.3
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Table 2.3 Conversion ratio of CCM and DCM for the buck, boost, buck-boost
regulators
Regulator DCM M(D) CCM M(D)

Buck 2 D
14++/1+4K/D?

Boost 1++/1+4D*/K 1/(1-D)
2
Buck-boost -D -D/(1-D)

K

Where K is equal to 2L/RTs, and D is the time in which the transistor conducts.

2.3 Control Scheme: Current Mode vs. Voltage Mode [8] [9]

In all switching regulators, the output voltage Vou(t) is a function of input voltage
Vin(t), the duty cycle d(t), and the load current Iy ,.4(t), as well as the regulator circuit
element values. In a DC/DC regulator application, it is desired to obtain constant output
voltage V,u(t)=V, in spite of distribution in Viy(t), I10ad(t), and other element values of the
regulator circuit. So we can not except to simply set duty cycle to a single value, and
obtain a desired constant output voltage under all conditions. The idea behind the use of
negative feedback is to build a circuit that automatically adjusts the duty cycle as necessary,
to obtain the desired output voltage with high accuracy, regardless of distribution in Vi(t)
or Ipo.4(t) or variations of component. This is a useful method to do whenever there are
variations and unknowns that otherwise prevent the system from attaining the desired
performance.

The feedback circuit for switching regulator is commonly split up into two methods:
voltage mode control and current mode control.

Voltage mode control :

In voltage mode control, the output voltage V, is controlled by comparing the output
voltage V,,: with a reference voltage Vs, and the resulting error voltage is compared to a
saw-tooth ramp to control the duty cycle of the power transistor switch. A simple buck

regulator with voltage mode control is shown in Fig.2.17 (a).
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M Y Y
(a) —L Y Y\ *
j—'—.- i +
A L
¥ A -
Vin C—) D" C R Vout
D -l-
-
\Y
¢ Error -
Amplifier |q— Vref
Comparator | h
b Sawtoot
(b) A s
Comparator
input 4
P Vsaw
............................... ..VC
Vt
Comparator
outputD %
e B
< >
ton
—p
T

Fig.2.17 Buck regulator, (a) with voltage mode control (b) control circuit waveform

From Fig.2.17 (b), D is obtained by comparing the control signal V. with a fixed frequency

saw-tooth voltage. Thus:

Ts Vsaw

(2-26)

In the views of frequency domain, the control to output transfer function for buck regulator

looks like a typical filter characteristics:

Vo 1+sCR where © — 1
Ty 0o~
\'A S 45 JLC
0,Q
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Current mode control:
A buck regulator with current mode control is shown in Fig.2.18 (a). Instead of
comparing the control voltage V. to a saw-tooth ramp with fixed amplitude and frequency.

The control signal V. is compared to a voltage derived from the inductor, forming an inner

loop.
M L
(a) ) * ‘_,"‘ P

AN i *

A L R.
vo ) AD, . RSV,
D
. I i

S-R Latch

_ ‘c Error -
e Amplifier |g— Vref

(b) Comparator VL

-

Comparator
input ¢

Comparator
output D

Fig.2.18 Buck regulator, (a) with current mode control (b) control circuit waveform
In the buck regulator shown in Fig 2.18(a) (b), initially, the clock sends a pulse to S-R latch
which sets D to logic “High”, thus the transistor switch conducts. Signal Vi, will build up

in a linear fashion.

V.

slope of V| :% (2-28)
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When V reaches the control voltage V., the comparator output changes to logic “High”,
resetting the S-R latch output to logic “Low”, hence the transistor switch is in off state.
Those actions are periodically carried out to regulate output voltage. In the views of
frequency domain, the control to output transfer function for buck regulator with current
mode control looks like the single pole system in low frequency:

Vau g 1HSCR,

out

V. ' 1+sCR

E,(s) (2-29)

where Fi(s) is a second-order pairs of poles at half the switching frequency.

The comparison of voltage mode control and current mode control are summarized in
the below.

1. Compensation : ( current mode control is better than voltage mode control )
Voltage mode control:

Voltage mode control looks like a typical two pole filter. The sharp phase drop
happens after resonant frequency, so the system requires a type three compensator to make
itself stable.

Current mode control:

Current mode control looks like a single pole system at low frequency, since the
inductor has been controlled by inner loop. This improves the phase margin, and a type two
compensator is adequate to make the system stable.

Fig .2.19 shows a simple example of the power stage gain and phase of the buck
regulator with voltage mode control and current mode control. From this figure, we can

know that how much easier the current mode control is to compensate.

-

A0t 4 \
Wiriage-biode

Frequency Frequency

(a) (b)

Fig.2.19 Voltage mode control and current mode control (a) gain (b) phase

Gain(dB) Phase (deg)

Yoltage-Mode

2. Design of right-half plane zero converters: ( Current mode control is better than

voltage mode control )
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Voltage mode control:

With voltage mode control, crossover has to be well above the resonant frequency, or
the filter ring. In a converter where the crossover frequency is restricted by presence of a
right-half plane zero, this is impossible.

Current mode control:

With current mode control, it is not a problem to have a control loop crossover at or
below the output filter resonant frequency. So it is possible to configure crossover below
the presence of right-half plane zero, this will make the effect of right-half plane zero
decrease.

3. CCM and DCM operation: ( current mode control is better than voltage mode
control )

Voltage mode control:

When the operation moves from continuous-conduction mode (CCM) to
discontinuous conduction mode (DCM), the gain and phase of switching regulator (the
buck regulator is brought up as a simple example) with voltage mode control are
drastically different as shown in Fig. 2.20 (a) and (b). It is difficult to design a compensator

with voltage mode control that can provide good performance in both CCM and DCM.

Gain(dB) Phase(deg.)
20 1 20
ceM CCM
01 -60
20 4 DCM 100 DCM
40 1 440 1
-180
Frequency Frequency

(@) (b)
Fig.2.20 Voltage mode control with CCM and DCM (a) gain (b) phase

Current mode control:

With current mode control, the gain and phase of switching regulator (the buck
regulator is brought up as a simple example) are almost constant in CCM and DCM as
shown in Fig. 2.21 (a) and (b). This makes us easily design a compensator with current

mode control that can provide optimal response in both modes.
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Gain(dB) Phase(deg.)
20 -0
CCM

o CCM -

20 DCM 100 DCM
40 140
180

Frequency Frequency

@) (b)

Fig.2.21 Current mode control with CCM and DCM (a) gain (b) phase
4. Line Rejection: ( current mode control is better than voltage mode control )
Voltage mode control:

The switching regulator with voltage mode has a poor closed loop transient response
to changes in input voltage, as a change in input voltage will result in a compensating
change in duty cycle delayed by the output filter. The influence of changes in input voltage
with voltage mode control is mainly limited by the gain of feedback loop and delay time of
output filter.

Current mode control:

With current mode control, even if there is only a moderate gain in the voltage
feedback loop, the attenuation of input ripple is usually adequate because of current loop. It
is even possible to null the influence of changes in input voltage for the buck regulator. In
order to achieve same performance of line rejection, the switching regulator with voltage
mode control needs far more gain in the main feedback loop than with current mode
control.

5. Current Sensing: ( voltage mode control is better than current mode control )
Voltage mode control:

In theory, the switching regulator with voltage mode control does not need the current
sensing circuit because entire operation is carried out without using either the switch
current or inductor current. But in practice, the current sensing circuit is usually needed to
avoid over current condition. However, the current sensing circuit is not requested high
accuracy, so the design about this circuit is simple.

Current mode control:
The operation with current mode control needs either accurate switch current or

accuracy inductor current, so the current sensing circuit must be very wideband to
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accurately reconstruct the current signal. In general, the current sensing circuit needs a
bandwidth several orders of magnitude above the switching frequency to work
appropriately. This shows that the current sensing circuit with current mode control is more
difficult to design than with voltage mode control.

6. Stability: ( voltage mode control is better than current mode control )

Voltage mode control:

In an aspect of stability, switching regulator with voltage mode control requires an
appropriate three type compensator to make whole voltage loop reach enough gain and
phase conformed to desirable specification.

Current mode control:

With current mode control, we only need a simple type two compensator to stabilize
its voltage loop, but in addition to stability of voltage loop we must pay attention to
stability of current loop.

Sub-harmonic oscillation is a well-known problem of stability in current loop for
switching current mode regulator with the duty cycle D larger than 50% as shown in Fig

2.22 (a), (b)

AiL—> 0 whent— o0

Stable !

v

Sub-harmonic Oscillation

AiL—>oo whent — o0

UnStable !

Fig.2.22 Current mode control (a) D < 50% (b) D > 50% without the compensation

ramp

In order to avoid sub-harmonic oscillation, we must choose a compensation ramp to add
with inductor current signal. The slope of compensation ramp m, must be large than half of

the slope of inductor current m, during the second subinterval D’T; as shown in Fig.2.23.
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By choosing an appropriate compensation ramp, the influence on stability of the

sub-harmonic oscillation is reduced or avoided.

i, (0),

when m, > m,/2

AiL—> 0 whent— o0

Stable !

Fig.2.23 Current mode control with compensation ramp
7. Signal-to-Noise ratio : ( voltage mode control is better than current mode control )
Voltage mode control:

With voltage mode control, the signal for control is decided by V./V,y as shown in
Fig. 2.17(b). We can reduce influence of noise by increase amplitude of V,y.

Current mode control:

The noise on current sense signal is the biggest problem in almost every current-mode
regulator. In many regulators, there is simply not enough signal to control the whole
system smoothly over full range of operation. In the view of ideal current waveform as
shown in fig. 2.24(a), we know that the signal available for control is very small versus
whole current signal. In reality as shown in fig. 2.24(b), the current waveform with spikes

and ringing will make control of system more difficult.

/ Noise
Part for control ,,/
.
1‘ Max. Current N ¥ Max. Current
J Signal Signal
(a) (b)

Fig.2.24 Current signal (a) ideal waveform (b) real waveform
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Chapter 3

Issue of Current Mode Buck Regulator

3.1 Current Mode Buck Regulator [10] [11] [20]

3.1.1 Structure

Fig. 3.1 illustrates a general structure of a current mode buck regulator.

R1
® ® +
____________________________________ ]
power stage —
NVout
Buffer Ve® - ¢
_l— Compensator
+ f——Vref
d() -
Q R Comparator )
Latch + sensed inductor current
S signal R2
| Clock compensation ramp
Gen

Fig. 3.1 Structure of current mode buck regulator

The regulator is composed of power stage and a feedback network. The power stage is the
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topology of buck regulator whose characteristic is introduced in chapter 2. It contains a
pair of switching elements, which consists of the power PMOS and NMOS transistors, and
an output filter, which consists of an inductor L and a capacitor C. In feedback network, the
difference of NV, which the output voltage is scaled down by resistor series to and the
reference voltage Vs is fed to the compensator. And then the output of the compensator
and the addition of the sensed inductor current signal and the compensation ramp will pass
through the comparator and the digital control block to define the duty cycle d(t). The duty
cycle d(t) controls the duration of the conducted time between the PMOS and the NMOS
to achieve desired voltage such that the feedback is finished to regulate the output voltage
Vout.

With current mode control, the biggest difference from voltage mode control is to
build inner current loop by using information of inductor current. The building of inner
current loop makes not only transient response of line-to-output faster but also
compensation of outer voltage loop easier in system. But it has an inherent instability
called ““sub-harmonic oscillation” introduced in chapter 2. In order to avoid this instability,
the general way is to sum inductor current signal with a compensation ramp as shown in
Fig. 3.1. Thus with current mode control, in addition to stability of outer voltage loop, we

must choose appropriate compensation ramp for stability of inner current loop.

3.1.2 Small-Signal Model

The PWM switch has been provided a flexible small signal model which replaces the
nonlinear switching action of the regulator with a simple equivalent circuit as shown in
Fig.3.2. This model can be used invariably in different topology of regulators.

Vap
Yap 4
a D C

1d@) 1

C

Fig. 3.2 PWM three-terminal small signal switch model
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To quote Fig.3.2, the small signal model of the buck regulator is shown as Fig.3.3

PWM Switch

Fig. 3.3 Small signal model of the buck regulator
After discussion of power stage, Fig.3.4 shows a simple current mode control
modulation scheme. A constant frequency clock initiates the on-time and the sensed
inductor current signal interests a control signal V. to decide when is off-time. The
duration of on-time and off-time is the duty cycle to control operation of the system. A
compensation ramp is added to sensed inductor current signal to provide design flexibility

and stabilize the current loop.

— V. ( Control Signal )

d (duty cycle) (' Sensed inductor current signal )

(Compensation ramp)

]
]
]
]
]
Comparator — i
]
]
]
]
]
]

Fig. 3.4 Current mode control modulator
The modulator gain of the circuit is:

1

fn =S A SOT, G-D
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Where S, is the on-time slope of sensed inductor current signal and S, is the slope of
compensation ramp.

From viewpoint of Fig.3.4, we can construct the small signal model of current
feedback loop and combine Fig.3.3 to realize a complete block diagram as shown in

Fig.3.5 for PWM circuits with current mode control.

PWM Switch

b Ven.
] A
: Yap 3 ci L
i - D~ Y Y g
! \/ [ ——— T
: [ ] [ ] ]

A ~ ! +
i Id 1 | D ! I

in i ¢ E Re
] ] A
+ ! | R
& P c Vo
I-----—--‘ ----------------------
d _
Fm e
on Ki off
H,(s) [« R, |«

Fig. 3.5 Complete small-signal model for buck regulator with current mode control
Gain R; and Hc(s) represent the current feedback. R; is the linear gain of current-sensing
circuit, and He(s) is the model of sampling action in current mode control. By viewpoint of

sample-and-hold systems, He(s) is calculated:

He (S) =

sT
$ 3-2
esT ( )

s

However, this expression has an infinite number of poles and zeros. In fact, there is no
need to model the transfer function beyond half the switching frequency. We will use a

simple second-order transfer function to approximate the exact function:
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2
S S

+— , where QZZ-E and mnzi (3-3)
I T

H_(s) ~ 1+

2
n <Xz n s

Gain k¢’ and k;” provide feedforward of voltage across the inductor during the on-time and
off-time of the regulator, respectively. These gain paths are created by feedback of the
inductor current, the slope of which depends on the voltages applied to the inductor. As For
Fu, it’s the gain of control modulator as shown in Eq.(3-1). The compensation ramp added
to the circuit mainly affect this term, Fy,. In conclusion, the model as shown in Fig.3.5 can
provide a complete model which accurately predicts characteristics from dc to half
switching frequency, including low-frequency effects, and high-frequency phenomenon of
sub-harmonic oscillation. This will make entire design more effective and conform to

reality.

3.1.3 Transfer Function

By Fig.3.5, we can obtain some information of frequency response such as current
loop gain, control to output gain, audio susceptibility, and output impedance and so on.
Here we will give an example of buck regulator with following parameters to show those
characteristics of frequency response.

Table 3.1 Buck regulator parameters (1)
Vin Vout L C R R, R; T
1V 5V 37.5uH | 400uF 1Q 14mQ 0.33 20us

1. Current Loop Gain Tj(s):
It can be shown that gain blocks k¢ and k,’ have little effect on the current-loop gain.

Ignoring these gains, the approximate current-loop gain of the buck converter is:

T.(s)~ L | 1+sCR H.(s)
RTsmcD 1+ L + (i)z
O‘)Ost (’00

where Q = 1

0, = and H, (s) is equal to Eq.(3-3) (3-4)

1
JLC

L 5
(DO[E+CRC]

The gain and phase of current loop gain with different values of compensation ramp is
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shown in Fig.3.6. In Fig.3.6, it shows the two RHP zeros are apparent at half the switching
frequency which let the gain increase after this frequency, while the phase drop down an
additional ninety degrees. If insufficient compensation ramp is added, there is very little

phase margin in this loop gain.

Gain(dB)

3

100k

Phase(deg)

100

50

10 100 1k 10k 100k

Frequency(Hz)
Fig. 3.6 Gain and phase of current loop gain
Where S, is the on-time slope of sensed inductor current signal and S. is the slope of
compensation ramp.
2. Control-to-Output :
The approximate control-to-output transfer function of the buck regulator with current

mode control is given by

v, R 1 1+sCR, 1

o "R T RT

Ve R Bmpaos) 1+ 1S (%
L o, anQp 0,
1 T, 1

wherew, =—+ (m.,D'-0.5),andQ, = ———— (3-5)
CR LC n(m,D'-0.5)

Fig.3.7 shows a plot of control to output of buck regulator with different values of
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compensation ramp. In this figure, we know that as more compensation ramp, S, is added,
the effect of the high-Q double pole is damped but that characteristic of buck regulator

from current mode control to voltage mode control.

Gain(dB)
20

10 100 1k 10k 100k
Frequency(Hz)
Fig. 3.7 Gain and phase of control to output
3. Audio Susceptibility :

The audio susceptibility of the buck regulators shows one of the most interesting
properties of current mode control. Since the gain term, k¢, has a negative value, it is
possible to completely null the circuit response to input-voltage perturbations with a
compensation ramp value S;=S¢/2, where St is the off-time slope of sensed inductor current

signal. The approximate audio transfer function for the buck regulator is

% _p [mD-(1-D/2)] 1+5CR, 1
Voo L mpeos) 1+ S 1S (S
RT n

s p (DnQp (Dn

T 1
> (m_D'-0.5),andQ, =——— 3-6
LC( ¢ ) Q n(m,D'-0.5) (3-6)

1
where @ =——+
P CR

Fig.3.8 shows a plot of audio susceptibility of buck regulator with different values of
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compensation ramp. The audio susceptibility of buck regulator is a special case where the
input voltage perturbation can actually be nulled by the addition of the compensation ramp.
The audio susceptibility is a very sensitive function of compensation ramp around the null

value.

Gain(dB)

10 100 1k 10k 100k
Frequency(Hz)

Fig. 3.8 Audio susceptibility
4. Output Impedance :
The approximate output impedance transfer function of the buck regulator with current

mode control is given by

R 1+sCR,

Z(s) ~
RT

14— [m,D=0.5] 1+
L ®

p

1 T
where ®. =—+—-(m _D'-0.5 3-7
» = CR C( c ) (3-7)

L

Fig.3.9 shows the output impedance of the buck regulator with different compensation
ramp. Closing the current feedback loop makes the output impedance of the buck regulator
look like the impedance of just the load capacitor and resistor. The significant differences
from output impedance of the open loop regulator are high dc value and absence of the

resonant peak.
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Gain(dB) resonant frequency

Mc=

0

10 100 1k 10k 100k

Frequency(Hz)

Fig. 3.9 Output impedance
The above discussion is suitable for use in continuous-conduction mode. As for
discontinuous-conduction mode, the method is approximately the same except the model

of the switch elements. The model of the switch elements is shown in Fig.3.10.

ia p
do—— P
g, k1&<%> gﬁ@(%) koa%) gé

C

g=L/V,, k=21/D g=l/D  k=21/D g,.=L/Ve,

Fig. 3.10 PWM switch model for discontinuous conduction mode
We can obtain small signal model and transfer function of the discontinuous conduction
mode by quoting this switch model in Fig. 3.10 as above method. The detailed description

in this thesis is omitted but can be obtained in [11].
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3.2 Proposed Improvement

Regulator with current mode control is subject to sub-harmonic oscillation if two
conditions are met: the converter operates in continuous conduction mode (CCM) and duty
cycle is close to or above 50%. When these two conditions occur, the regulator produces an
oscillation at half the switching frequency. Fig.2.22 shows an extended perturbation can
propagate through the cycles. In order to avoid sub-harmonic oscillation, the appropriate
compensation ramp is added. The perturbation propagation with compensation ramp can be
described via a simple formula

i, (0T,) =1, (O)(~ 22 eyr (3-8)

m, +m,
Where iL (nT,) is the perturbation of inductor current signal at time nTj, iL (0) is the
perturbation of inductor current signal at initial time, m; is the on-time slope of inductor

current signal, m, is the off-time slope of inductor current signal, and m, is the

compensation ramp slope of inductor current signal. From Eq.(3-8), we can reduce

m, —m
propagation of perturbation by making the term (——2>——2=) <1. One common choice of
m, +m,

compensation ramp slope mathematically is m, >= m,/2. How many values of m, should
we choose? An example of control-to-output to output about specification of my design
listed in Table 3.2 is shown in Fig.3.11.
Table 3.2 Buck regulator parameters (2)
Vin Vo L C R R, R; Ts
3.3V 1.8V 10uH 22uF 3.6Q 100mQ | 1 2us

It shows that when more compensation ramp slope is added, the whole system is more
stable, but gain and bandwidth is reduced and the transition from current mode control to

voltage mode control to lose the original advantage of using current mode control.
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The slope of the compensation ramp =

1.1/2*m; = 0.09V/us 2. 1*m, =0.18V/us 3.2*m, =0.36V/us 4. 6*m, = 1.08V/us
Fig. 3.11 Control-to-output (a) gain (b) phase

In conclusion, the more slope of the compensation ramp is not better. Appropriate slope of
the compensation ramp will make performance of the system better than over large one.

In practice, the regulator usually has a range of output voltage level for convenience.
Because the output voltage level is more than one value, it is not well considered to
optimize the system in any output voltage level. The current mode switching regulator is an
obvious example. In current mode switching regulator, the compensation ramp is usually
chosen to conform to a demand for the stability of the most output voltage level because it
is the least stable and needs the most slope of the ramp to compensate whole loop.

Although by this compensation ramp the system can reach the requirements for stability in
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every condition, the performance is reduced in lower output voltage level because of over
large slope of the ramp. In order to alleviate this question, I will propose a new technique
to achieve the effect of adjusted-slope compensation ramp which follows the output
voltage level. Fig.3.12 shows a general addition of the sensed on-time inductor current

signal and the compensation ramp.

slope =(V;,-V, /L

AN

on-time inductor current

on-time slope =(V, -V, J/L slope >= 1/12*V_ /L

off-time slope =V /L >4 /I
1 1 >
t
-+

inductor current t

compensation saw-tooth

slope >=(V, - 1/12*V /L

AN .

the addition

Fig. 3.12 Common case: compensation ramp slope m, >= 1/2*V,,/L, the addition of
the sensed on-time inductor current and compensation ramp

The slope of the compensation ramp which is larger than half off-time slope of inductor
current is mathematically chosen to let the system stable. When we choose the slope of the
compensation ramp to be equal to off-time slope of inductor current m,=V,/ L, the slope

of the addition wave as shown in Fig.3.13 is:

_ (Vin - Vout) N (Vout) Vin

3-9
a L L L (3-9)
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slope m=(V, -V, /L

A .

on-time inductor current wave

slope m =V JL

A,

t

compensation saw-tooth wave

+

slope m=V, /L

A

the addition wave

Fig. 3.13 Special case: the slope of the compensation ramp m, = V,,/L, the addition of
the sensed on-time inductor current and compensation ramp

Eq.(3-9) shows the slope of the addition wave has no relationship with output voltage level.
By using this characteristic, we can reduce addition of sensed on-time inductor current and
compensation ramp as tradition and directly produce this addition wave. In this way, not
only we can ignore the usage of the addition circuit but also the slope of the compensation
ramp V,/L follows the output voltage V. to adjust its value to achieve the adjusted-slope
effect.

The circuit produces the wave with the slope Vi, /L is shown in Fig3.14 (a). The
operation of this circuit can be understood in Fig.3.14 (b). Firstly, conducting the switch 1
passes the initial sensed inductor current signal to capacitor C. Secondly, conducting the
switch 2 produces a signal V. with slope Vi,/L in the capacitor C. Thirdly, conducting the
switch 3 resets the capacitor voltage V. when the signal V. intersects the control signal.
And then the system repeats these actions in the next period. As for how to obtain the

desired slope value we can make I/C be equal to Vj,/L by choosing suitable current source
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I and capacitor C.

VDD ”
1

ya / the initial (b)
1 inductor current

I/C

(a) (c)

Fig. 3.14 (a) circuit (b) conducting time of the switch 1, 2, 3 (c) the voltage of the

capacitor V,

3.3 Stability in Whole System [3] [8]

When the feedback loop is closed, the gain and phase in itself are not enough to make
whole system achieve desired performance and stability. The general method is to add a
compensator in the loop to compensate insufficient gain and phase of whole system. Next,
two types of compensator will be introduced. The first is type II shown in Fig.3.15 (a), and

it has two poles and one zero. The transfer function is calculated as:

i 1+sR,C,
T C,C
Va sR,(C, +C,)(1+sR, ——2-
C +C, (3-10)
1+sR.C
~ e ,assume C, >>C,

" SR,(C, +C,)(1+sR,C,)

The poles locate at the origin and the frequency f,= _ ’, and the zero locates the
2nR,C,
1 : : : -
frequency f,= R C The gain and phase of this compensator is shown in Fig. 3.15
TR,
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(b), (c). This type compensator is mainly used in the regulator with current mode control,
because this kind of the regulator looks like a single-pole at low frequency.

(b)

Gain (dB) &

| | | | | 1o

v \2 10 102 10° 10* 105 10°
1 (C) Frequency (Hz)
Phase (deg) A
-90
O
Vref 180
-270
| | | | | L
(@) 10 102 10° 10° 10° 10°
Frequency (Hz)

Fig. 3.15 Type Il compensator (a) circuit (b) gain (c) phase
The second is type III, it is shown in Fig.3.16 (a), and it has three poles and two zeros. The

transfer function is calculated as:

A\ (1+sR,C)(1+s(R, +R;)C;)
- C,C
Va2 GR(C, +C,)(14sR,C,)(14 R, 172 )
C, +C, (3-11)
1+sR,C,))1+sR,C
~ - (175R,C,)A+sR,C,) ,assume C, >>C, ,and R, >> R,
sR,(C, +C,)(1+sR,C;)(1+5sR,C),)
The poles locate at the origin, the frequency f , ~ _ and the frequency
" 27zR,C,
£ z; . The zeros locate at the frequency f, z; and the frequency
2r R,C, 27 R,C,
R _ . The gain and phase of this compensator is shown in Fig. 3.16 (b), (c).
2 R,C,

This type compensator is mainly used in the regulator with voltage mode control, because
this kind of the regulator which has two poles at low frequency needs two zeros to

compensate the sharp phase drop to stabilize the system.
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Fig. 3.16 Type 111 compensator (a) circuit (b) gain (c) phase
In summary, the maximum phase boost in type II compensator is 90 degrees, and in type
I compensator is 180 degrees. According to stability and cost, the system will use the
appropriate compensator to achieve desired performance.

My design belongs to the topology of current mode control, so I only need a simple
type II compensator to stabilize the system. The parameters of the regulator are shown in
Table 3.3.

Table 3.3 Current mode switching regulator
Vin Vout L C Rp R, Ts I
3.3V 0.5V~3V | 10uH |22uF |100mQ | 100mQ | 2us ~550mA

The gain and phase of control-to-output is shown in Fig.3.17 while V,,=3V and [;=550mA.
Firstly, I suppose that R;=150kQ. Secondly, I set the loop gain crossover frequency
‘foo=1/5*t;=100 kHz’ and then obtain R, by this setting and R;. Thirdly, I set zero locate at
the desired settling time constant (= 7kHz) and then obtain C; by this setting and R..

Finally, I set second pole locate at frequency (= %fs ~ %fs) and then obtain C, by this

setting and R,. The value of R, C; and C, is modulated lightly and shown in Table 3.4.
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Table 3.4 The parameter of type Il compensator

R] Rz Cl C2

150kQ 1500 kQ 15pF 500fF

Because the resistor of R, and the capacitors of C; and C, are integrated inside the chip in
order to save the usage of the passive components outside the chip, the deviations of these
components must be considered in stability. The deviation of +10% ~ -10% in capacitor
and the deviation of +20% ~ -20% in resistor are assumed. A Monte Carlo simulation with
60 times by SPICE is implemented in my simulation. The simulation results is shown in

Fig.3.17
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Frequency (log) (HERTZ)
teststage:
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Frequency (log) (HERTZ)

Fig. 3.17 Gain and Phase of whole system
The DC gain is approximately 82dB. The unity gain bandwidth is approximately 100 kHz.
As for the stability, the phase margin of unity gain bandwidth is considered in general case.
However, in my case the least phase margin is located at the circle site shown in the phase
picture of Fig.3.17. Therefore, the phase margin in this circle site is considered for stability
of the whole system. Fig.3.18 enlarges the circle site to show the unity gain bandwidth and

the phase margin in detail.
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Fig. 3.18 The enlarged Gain and Phase of whole system

From Fig3.18, we can know that the unity gain bandwidth is 80.7MHz ~ 117 MHz and the
phase margin is 51 degree ~ 59 degree. These results can be accepted in the operation of

whole system.
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Chapter 4

Circuit Design

In this chapter, the designed architecture of current mode buck regulator is introduced
at first. Then each block of this regulator is presented and the circuit design is discussed in

detail.

4.1 The Architecture of Current Mode Buck Regulator

The design of whole system in this thesis is presented in this section. The system

block diagram of this current mode buck regulator is shown in Fig.4.1
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BufferClock
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VLB Signal 0—{ Soft
Clock Start
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__________________________ (]
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Fig.4.1 Block diagram of this current mode buck regulator
1. Buck Power Stage:

It transforms input voltage Vi, into lower output voltage V. It is mainly composed of
two transistors, one inductor and one capacitor. The two transistors which consist of power
PMOS and NMOS are regarded as switching elements. By choosing appropriate
conducting duration of the switching elements, we can obtain desired output voltage. The
inductor and the capacitor constitute a loop pass filter which can filter high-frequency
noise and retain low-frequency dc signal.

2. Voltage Divider:

It is commonly composed of resistor series. Output voltage V is scaled down to bV gy
by the ratio of this resistor series and compared with a reference voltage. It is usually
carried out outside of chip in order to adjust desired output voltage conveniently.

3. Vet

It is regarded as a reference value of output voltage. In order to certainly regulate the
output voltage, it is desired to design V.. constant and independent of the influence of the
outside environment.

4. Soft Start:

In the beginning, this circuit will work instead of Vi circuit and be compared with V
until the output voltage reaches the desired voltage level. This action can avoid the
beginning inrush inductor current caused by excessive large output signal of the
compensator to damage the inner components of the system.

5. Compensator:

This circuit is composed of the operational amplifier, some resistors, and some
capacitors. It provides extra gain and phase to compensate insufficient frequency response
of whole loop. This appropriate compensation will make the system have more stability
and performance.

6. Artificial Signal:

This circuit is proposed in the section 3.2. It mainly produces the addition of the sensed
inductor current signal and the compensation ramp. And then by the comparison of this
addition and the control signal V(t) the desired duty cycle is created. In this thesis, I
propose an improvement to make original constant slope of the compensation ramp

become adjusted one to let frequency response of the system better.
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7. PWM Control:

This control block is composed of the Comparator, the Clock Generator, and the SR
Latch. It transforms the analog difference signal of output voltage and reference voltage to
the digital pulse waveform to control on-time and off-time duration of the switch elements.
And by this action, the system can adjust output voltage to desired voltage level.

The Clock Generator circuit provides a period pulse equal to switching frequency to
initiate the on-time. The Comparator circuit provides a pulse produced by the comparison
of V() and Vi (t)to initiate the off-time. And then through SR Latch the both pulses create
the desired duty cycle to regulate the output voltage of the system.

8. Buffer:

Because the size of both power transistors is large, the duty cycle produced by PWM
Control block has no ability to drive both transistors. In order to pass efficiently the duty
cycle signal on to power transistors, the buffer with enough driving ability is used. This
buffer not only has large driving ability but also can prevent shot through current from
occurring and damaging the inner circuits.

9. Current Sensor:

The inductor current signal is needed in the switching regulator with current mode
control. So we need a Current Sensor circuit to obtain the information of the inductor
current. The common method is to use a sensing resistor in series with inductor or power
transistors. Although the sensed signal is accuracy, this circuit has high power dissipation.
In this thesis, I use the mirror method to gain the signal which not only is proportional to
on-time inductor current signal but also has low power loss.

10. Zero Current Detector:

In my thesis, in order to save power, I use power NMOS to substitute for original diode.
Diode has an ability to block reverse inductor current automatically, but the power NMOS
does not. If we disregard the occurrence of the reverse current, we will have an extra power
loss in reverse current. So we must use a circuit “Zero Current Detector” to detect the
reverse current in the inductor and then turn off the power NMOS to block the reverse

current in this condition.
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4.2 Power Transistors of Buck Power Stage [12]

The regulator is a bridge between supply source and load circuit. In theory, it is
desirable that the regulator dissipates no power and power from supply source will
completely delivers to load circuit, but in reality, it is impossible because it is not
composed of real components. From above description, we can know that reducing the
power dissipation of the regulator to increase conversion efficiency is an objective in
circuit design.

The power transistors as the switching elements play an important role to decide
output voltage by the duty ratio of on-time to off-time. When the transistor is at on-time
state, the large current will flows through it to cause an extra power dissipation which is
undesirable. The on-resistance of the power transistor can be approximately calculated as:

1 1

R, = or R =
onp W onn W
upcox(f)p‘vgs _Vt anox (f)n

Vgs - Vt

The power dissipation due to the on-resistance is calculated as:
power dissipation=Dx1 xR —+D'xI xR

In order to decrease this power dissipation, the only way is to reduce the Ry, and Rons. By
the efficiency requirement > 80%, the ratio W/L must be several ten thousands. The huge
sizes of power transistors occupy very large area and are almost 1/2 or 2/3 in whole layout.
Therefore, if we can effectively reduce the area of the transistors by layout scheme, the
whole layout area will be notably lowered and the cost also decreases for this reason. A
lateral transistor scheme is proposed shown in Fig.4.2 (b). It does not need any additional
processes, and it can shrink the transistor size compared with the multi-finger transistor
scheme shown in Fig.4.2 (a).

Form Fig.4.2 (b), we can know that the lateral transistor scheme uses the lateral side
areas, which the traditional multi-finger transistor scheme does not use, to form the extra
transistors. Therefore, the more transistors can be constructed in the same area.

Fig.4.3 shows a comparison of lateral transistor scheme and multi-finger transistor
scheme in transistor type. In Fig.4.3, the (a) has the 6units and (b) has the 12 units with the
same active region. It shows that the lateral transistor scheme is two times area-saving of
the multi-finger scheme. But in reality, the area-saving is impossible good to two times

because of the arrangement and configuration of whole layout. However, it is fact that the
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lateral transistor scheme is indeed more area-saved than the multi-finger transistor scheme.
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Fig.4.2 (a) multi-finger transistor scheme (b) lateral transistor scheme
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Fig.4.3 Transistor Type (a) multi-finger transistor (b) lateral transistor
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4.3 Bandgap Voltage Reference Circuit [13] [14] [15] [16]

In the feedback circuit, the output voltage is scaled down to bV, to be compared
with the V.. In order to efficiently regulate output voltage, the V.. must be constant, and
independent of the influence of outside environment. So the bandgap voltage reference
circuit is used to achieve desired effect.

The bandgap voltage reference commonly exhibits little dependent on temperature
prove essential in many analog circuits. Because most processes parameters vary with
temperature, if a reference is temperature-independent, then it is usually process
independent as well.

In convenience, a dc voltage independently of temperature is achieved by adding a
voltage, which is proportional to the absolute temperature (PTAT), to a base-emitter
voltage inverse proportional to the absolute temperature in order to compensate for its

first-order temperature dependency as shown in Fig.4.4.
VDD

\

B +

\ /

V¢ = Vge +K(PTAT Voltage)

ref

RTAT Voltage —[%

Fig.4.4 General principle of bandgap voltage reference

This PTAT voltage is commonly recognized as V1*InN the difference of the base-emitter

voltages of two bipolar transistors which operate at unequal current densities. Since at

oV, oV.
room temperature a—;E ~—1.5mV/°’K whereas GTT ~ +0.087mV/°’K , we can obtain Vit

with zero temperature coefficients, indicating that
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V. = Vg + K(V,InN) = 1.25V 4-1)
From Eq.(4-1), we know that the output voltage of traditional reference circuit independent
of temperature is only one value (=1.25V). In order to conform to the specification
required, the traditional reference circuit is not used in my design because the reference
voltage must be lower than 0.5V.
A bandgap voltage reference can provide a voltage lower than 0.5V by resistive

subdivision shown in Fig.4.5.
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Fig. 4.5 The circuit of bandgap voltage reference

£
T
T

r

As illustrated in Fig.4.5, the operational amplifier ( OpAmp ) enforces nodes N1 and N2 to
have the same potential. Therefore, the loop formed by Q;, Q2, Ry, Rz, Ry, generate a
current [; given by

V V. xIn(NxI,/1
[ = I:BZ n T X n(R x1,/1,) (4-2)
2 1

Where N is the emitter area ratio, Vr is the thermal voltage, and R,,=R;,=R,. The current
I,=I; is injected to R3 by current mirror formed by M;, M3, and this gives the reference

voltage as follow:
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R R
Vier = X Ve + 22 Vi xIn(Nx /1)) (4-3)

ref
2 1

Not only a scaled-down voltage of bandgap circuit can be obtained by an appropriate
resistor ratio of R3 to Ry, but also a good temperature coefficient can be achieved by the
other resistor ratio of R, to R;.

The startup circuit in bandgap voltage reference plays an important role to make this
circuit operate in correct condition. It is composed of My, My,, and Mg; shown in right side
of Fig.4.5. The three transistors including Ms;, Mg, and Mg mainly form a function of
inverter. The W/L value of My, is chosen be much less than one, and the W/L value of My;
are the same as those of M;~Mj to eliminate the variation on threshold voltage due to
geometry effect. When the circuit starts initially, the gate voltages of M;~M3 and M, are
pulled high to near VDD. And then the drain voltages of Mg; and My, are pulled low to turn
on Ms3 to inject current to bandgap core circuit. By the operation of startup circuit, the
core circuit will work in correct condition, not in zero state. When core circuit already
works in steady-state, the operational amplifier (OpAmp) forces the drain voltage of M, to
increase by pulling down the gate voltages of M;~M3 to inject current. Once the gate
voltage of My, decreases, the drain voltage of M, and My, pulls high and cut off Mg;. This
action is to stop the work of the startup circuit in order to avoid influencing the accuracy of
the core circuit.

After the description of whole circuit, we will consider the effect of offset voltage and
noise. Bandgap voltage reference in MOS technology suffers from the effect of transistor
size and threshold. This may influence absolute reference voltage and temperature
coefficient and lower its original performance. The effect of the offset voltage (Vossset) of
the operational amplifier (OpAmp) is considered as follows:

Vref = R X{Vip, + Ry X[Vy xIn(NxL/I, )+ V. 1} (4-4)

R, R,
However, this effect can be reduced by increasing the term value of In(NxI,/I,). The
value of (NxI,/I,)=100 is chosen in my design. In general way, [,=I; and the emitter
area ratio N=100 may be used to save power. But it occupies quite large area in layout. So I
use [,=10I; and N=10 which increases some power loss but occupies very small area to
achieve the same effect. The simulation result of the bandgap voltage reference is shown in

Fig.4.6 and Fig.4.7. Fig.4.6 shows the Temperature coefficient (TC) from 25° C to 125° C
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at different supply voltage. The TC at Vgyppiy = 3.6V is 12ppmy/ * C and increases slightly to
33ppm/ * C at Vgpp1y=2.4V. Fig.4.7 shows the value of reference value at different corner.
The maximum deviation at different corner is approximately 0.4mV. These results are

enough to conform to my requests.
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Fig.4.6 The reference voltage vs. temperature at different supply voltage
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Fig.4.7 The reference voltage vs. temperature in Vsppy = 3.3V at different corner

4.4 Soft Start Circuit [17]

If the regulator has no soft-start action, when the supply is turned on, initially the
output voltage of the regulator is in zero state and then slowly charges to desired voltage
level. In this duration, the difference of the plus input of the compensator Vs which is a

constant voltage and the minus input bV, which is proportional to Vo, will be much large
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to let the output of the compensator remain in high level. This phenomenon makes the
system work in on-time state (PMOS on & NMOS off) and continues to charge current to
an exaggerated degree. This possibly causes the EMI problem, the damages of inner
components, and input voltage drops when a battery or a high-impedance power source is
connected to the input of the regulator. So in order to eliminate this large inrush current,
the soft-start action must be realized to avoid the initial continued on-time state.

The Soft Start circuit is shown in Fig.4.8. It is composed of a current source, a
capacitor, and a comparator. The current I and the capacitor C mainly decide the soft start
duration. If it is too short, the effect of eliminating inrush current is bad but if it is too long,
the capacitor C must be large size. So how long the duration is must be considered
appropriately to get good performance and cost.

As illustrated in Fig.4.8, when the source starts initially, the comparator output is low
and the slowly charging capacitor output voltage V. is used as a reference voltage for the
regulator. After the regulator reaches a predetermined threshold, the comparator output
goes high and the dynamic control signal enables the reference signal Vs to control the
dc—dc regulator.

D a—

N VA

soft ®
Ref o
- 1
A o p— .
i Vref E

Fig. 4.8 The circuit of Soft Start Circuit

Fig 4.9 shows the simulation waveform of Viet, Vo, and Ref.

53



fewrrent mode converter:
550m
500m
450m Vref
400m
= 350m -
% 300m |
2 250m
2 A WA
= 4
200m V SoTt
150m
100m
S0m
o]
T T T
1} S50u. 100u
Time (lin) (TIME)
fourrent mods converer.
400m
350m
200m
F 250m -
2 200m 4 Ref.
o
=
150m 3
100m
50m -
04
T T T
1} S0u 100
Time {lin) (TIME}

Fig. 4.9 The simulation results of the soft start circuit
4.5 Operational Amplifier Circuit for Compensator [14] [15]

The design of compensator is already investigated in section 3.3. The appropriate
resistors and capacitors are chosen to produce a type II compensator to compensate
insufficient gain and phase of the whole loop. After accomplishing the design of passive
elements, in this section the focus is how to implement an operational amplifier suitable for
this compensator.

A two-stage operational amplifier is used in my design. A block diagram of a typical
two stage operational amplifier is shown in Fig.4.10. "Two-stage” refers to the number of

gain stages in the operational amplifier.

CC
]
|

O—
Vin o— Vout
Differential Second
input stage gain stage

Fig. 4.10 A block diagram of two-stage operational amplifier
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The first gain stage is a differential-input single-ended output stage. The second gain stage
1s normally a common-source gain stage that has an active load. Capacitor C, is included to
ensure stability when the operational amplifier is used with feedback. Because C. is
between the input and the output of the second stage, it is called Miller capacitance since
its effective capacitive load on the first stage is larger than its physical value.

The practice two-stage operational amplifier circuit is adopted as shown in Fig.4.11.
Firstly, the overall gain of operational amplifier is discussed. For dc-to-dc regulator
application, the low frequency gain is one of the most critical parameters. The more this
gain value, the better the performance of voltage regulation. The gain of first stage is:

Av1=gm1 (Tas2|Tasa) (4-5)
The second gain stage is simply a common-source stage with a p-channel active load ‘M6°.
Its gain is:

Avr=-gm7 (Tase||Tds7) (4-6)

Where the approximation values g = = \/ 2p,C,, (%)ID s o = \/ 2n,C., (%)ID and

L. . . .
Ty =5*1061—1,/VDGi +V, are used to estimate the desired gain value. Secondly, the

Di
frequency response of operational amplifier is discussed. The second stage introduces
primarily a capacitive load on the first stage due to the Miller effect of the capacitor Cc. By
this relation and some calculations, we can obtain a simple overall gain in middle
frequency as follows.

Ax@=§3 (4-7)

C

This equation can be used to find the approximate unity-gain frequency.

o, = (4-8)

Note here that the unity-gain frequency is directly proportional to gn; and inversely
proportional to C.. By the equation of gain and unity-gain frequency, we can obtain the
approximate size values of all transistors except MS8. This transistor operates in triode

region and as a resistor. The resistor value is given by
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1
Ty ~ (4-9)

w
1,Co (f)g (Vas - Vis

It is included in order to realize a left-half-plane zero at frequencies around or slightly
above unity-gain frequency. Without the transistor M8, we have a right-half plane zero
which makes the compensation much more difficult. The addition of such an extra
left-half-plane zero is what is commonly called “lead-compensation”. The common choice
of r4sg according to

R 1
12g ., 120, C.

(4-10)

Ty

This choice will increase the unity-gain frequency by ~ 20%, leaving the zero near to the
final resulting unity-gain frequency, which will end up ~15% below the equivalent second

pole frequency.

Some frequency characteristics about gain and phase of operational amplifier are

arranged in Table. 4.1

VDD

vbias1QO I M5 I l: M6

vbias2O

Vin Vinp Vout
o—| l: M1 M2 |—o ¢—oO

M3:‘|—0—| M4 I N }': M7
PR

Fig. 4.11 The circuit of two-stage operational amplifier

56



Table.4.1 The frequency characteristics of the operational amplifier (a)TT-55 ° C (b)

SS-125°C(c) FF-25 °C

(@) TT-55 °C
TT-55° C/ supply voltage(V) 2.4 2.7 3.0 3.3 3.6
DC gain (dB) 73.84 74.08 74.20 74.26 74.26
Unity gain bandwidth (MHz) | 44.40 45.59 46.64 47.58 48.44
Phase margin (°) 82.61 82.63 82.64 82.64 82.64
(b) SS-125 °C
SS-125 ° / supply voltage(V) 2.4 2.7 3.0 3.3 3.6
DC gain (dB) 71.27 7158 71.76 71.85 71.89
Unity gain bandwidth (MHz) | 44.92 45.70 46.46 47.62 47.81
Phase margin (°) 80.32 80.61 80.77 80.89 82.98
(c)FF-25 °C
FF-25 ° C/ supply voltage(V) 2.4 2.7 3.0 3.3 3.6
DC gain (dB) 74.64 74.78 74.85 74.86 74.83
Unity gain bandwidth (MHz) | 42.92 4422 45.42 46.55 47.59
Phase margin (*) 83.37 83.29 82.16 83.02 82.88

57




4.6 Artificial Signal Circuit

In current mode regulators, the compensation ramp needs to add with the inductor
current signal in order to avoid sub-harmonic oscillation. The Artificial Signal circuit is
used to implement this function in my design.

There are commonly two ways to implement the addition of the inductor current
signal and the compensation ramp. One way is that the two signals are summed in voltage
form. This way needs higher impedance between two signals to block the mutual influence.
Therefore, this way shown in Fig.4.12 (a) is usually implemented outside chip. The other
way is that the two signals are summed in current form. Current signals are summed easily
and accurately without high impedance, so this way shown in Fig.4.12 (b) is usually

implemented inside chip.

. . N Current Type Artifical Signal
Voltage type Artifical Signal Circuit

Circuit
jmmmmmmmmmm—me . : ..................... y
| . ! | |
' R addition 1 ] ) 1 :
\'A i».i\M * - vV, —:—» V -->1 Circuit :
|
| R + ! Iy
: 1 | : addition
]
A :; V, =] V --> | Circuit —sz—i—o
|
]
|
|
|
|
|
|
|
|

@) (b)

Fig. 4.12 The circuit of the addition (a) voltage type (b) current type
My way is implemented inside chip and can reach the effect of adjusted-slope
compensation ramp discussed in section 3.2. From section 3.2, we can know that by
choosing the slope of the compensation ramp equal to off-time slope of the inductor
current Vo, / L, the slope of the addition wave must be proportional to input voltage Vi,
and equal to Viy/L. Therefore, this way is not like the way shown in Fig.4.12 (b) which
needs V-I converter and only needs a current source proportional to input voltage Vi, to

directly produce the addition wave. The detailed circuit is shown in Fig.4.13 (a).
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Current Source

2 >
V. /MR
3 —l >
/. (b)
1
the initial inductor VillL
current A
(@ (©)

Fig. 4.13 (a) circuit (b) conducting time of the switch 1, 2, 3(c) the voltage of the
capacitor V,

A current source proportional to Vi, is built as shown in Fig.4.13. An OpAmp is used to
enforce V4 to be equal to V. Due to Va=Vp and VA=V;,/M, M, has a current equal to
Vi/MR and proportional to Vi,. And then by mirror method, M, can obtain a same current
as the current in M. Finally, choosing appropriate the values of the resistor R1, R2, R, and
the capacitor C makes the charging slope of the capacitor C equal to the value Vi,/L to
conform to my requirement. In the aspect of power dissipation, this circuit only needs a
low-speed OpAmp which enforces the same DC voltage in two nodes, so its power
dissipation is very small and smaller than Fig.4.12 (b). As for the operation of this circuit,

it is shown in Fig.4.13 (b), (c) and described in section 3.2.
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4.7 PWM Control Circuit [14] [18]

The function of this circuit is to transform the comparison of control signal V(t) and
inductor current signal Vi (t) in Fig.4.1 into an appropriate duty cycle which can adjust the
output voltage of the system to desired voltage level. It is composed of the comparator, the
clock generator, the SR-latch. These circuits will be introduced below the sections
4.7.1 Comparator Circuit

Comparators are the second most widely used components in electronic circuits after
operational amplifier. A comparator is a circuit that compares the instantaneous value of an
input signal with a reference voltage and produces a logic output level depending on
whether the input is larger or smaller than the reference level.

The comparator is used in my design shown in Fig.4.14. It is implemented by three
stages. The first stage has an n-channel differential input pair with the positive feedback
circuit. The second stage has a p-channel differential input pair with an n-channel current

mirror active load. The third stage is an inverter chains.

VDD
L J e e
M8 '|—IM3 }_I_{ M5 M8 }_.[_{ |v|4|—|‘ M7
‘M12 — | M14
VOUI
*—0
Vin- 7 | M1 M2 |- Vi,
I ] [~ M13 M15
Vbias-| M11
M9 I ~]., I ~ M10
GND

Fig. 4.14 The circuit of the comparator
The transistors of M3, M4, M5, and M6 form the positive feedback gain stage. The gain
of the positive feedback gain stage is given by

A = u,(W/L), 1 (4-11)
v }LP(VV/L)3 1-a

60




Where a = (W/L)s / (W/L)s is the positive feedback factor that is responsible for increasing
the gain. The value of a is determined by the ratio of the load device dimensions, and
although it is a reasonably well controlled parameter, for a beyond 0.9, mismatches due to
process variations may cause this value to approach unity. This will make the stage operate
as a cross-coupled latch. The transistors of M7, M8, M9, and M10 constitute the second
stage. This stage mainly contributes some gain in whole circuit. The gain of the second
stage is:
Av=8 (T Ty0) (4-12)

The third stage constituted by the inverter chains M12, M13, M14, and M15 are used to
increase the response of output signal. With the usage of this stage, the size of M7 and M8
can be reduced to achieve same performance and due to the reduction of M7 and M8, the
effect of the parasitic capacitance at gates of M7 and M8 is decreased which results in a
faster response.

The simulation results of the comparator are shown in Fig.4.15 and Fig.4.16.

curent mode converter:
f
i

EsSs = [ ————

| B bbbl b

S | S T

T T T
2.0005 200 20015 2002

2
Toltage X (lin) (VOLTS)

(d) X-axXis Vin+

Fig. 4.15 DC characteristic of the comparator (a)Vin+ (b)Vin- (€)Vout (d)Gain
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Fig.4.15 shows the dc characteristics of comparator when Vi, holds at 2V and Vi, 1s swept
form 1.998V to 2.002V. Fig.4.15 (c) shows that the offset voltage of the comparator is
approximately 0.7mV. Fig4.15 (d) shows that the gain of the comparator is approximately
4300.

: . cument n}ode converter:
| - @
®)
: // !
I QDIDn QDISn Qllﬂn 21|5n ZQIDn 22|5n 23|Dn 23|5n 24|Dn 24|5n 25|Dn 25|5n Qﬁnlnl
Time {lin) {TIME) . .
() X-axis Time

Fig. 4.16 Transient characteristic of the comparator (a)Vin+ (b)Vin- (C)Vout
Fig.4.16 shows the Transient characteristics of comparator when Vj,_ holds at 2V and Vi,+
is swept form 1.99V to 2.01V. Fig.4.16 (c) shows that the delay time of the comparator is

around 13ns, which is adequate for my application with switching frequency 500 kHz.

4.7.2 Clock Generator Circuit

The clock frequency inside my chip is needed about 500kHz. The circuit with this
frequency in IC design is commonly regarded as the low-speed application. For low-speed
application, the ring oscillator circuit is not suitable for use because the extreme stages will

make design complex and cost a lot of chip area. In order to produce this clock frequency,
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a small current source is used to charge and discharge a large capacitor shown in Fig.4.17

VDD
+

Vbias_‘lr_— Ml VH I
COMP

et
R
/\/\ Vramp Latch

S Q clock signal

& COMP
7 B

i

— GND

Fig. 4.17 The circuit of the clock generator

This circuit works with two states. One is charging state. The other is discharging
state. Initially, the charging state is starting. A current source M; produces a nearly constant
current to charge the capacitor C. When the voltage of the capacitor charged V,.mp reaches
the Vy, the comparator changes the state and then the transistor M, turns on to discharge
the capacitor C to start the discharging state. Normally, the discharging current is much
larger than the charging current. When the capacitor is discharged, the voltage of the
capacitor Vymp continues to drop until it reaches Vi and then the comparator changes the
state to turn off transistor M, to begin the charging state again. These actions will produce
a period pulse with fixed frequency. This fixed frequency can be designed as:

frequency = 1 X _ (4-13)
C (Vy=V0)

Where current I is produced by a constant current source M; which is mirrored by bandgap
reference. The voltage Vi and V is also produced by bandgap reference. So the deviations
of I, Vi, and V| are almost ignored. As for the capacitor, in order to reduce the usage of the
outside passive components, it is integrated into chip. Due to the factors of technology,

temperature and so on, the deviation of the capacitor C is approximately equal to -10% ~
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+10%. So the practice clock frequency possibly is not just 500 kHz and distributes over the
range of 450 kHz and 550 kHz but this deviation is still tolerated in my design.

The comparators used in this clock generator circuit belong to p-type comparator. The
design is similar to the design of the n-type comparator illustrated in the section 4.7.1. The
circuit and the true table of SR latch used in this circuit are shown in Fig.4.18 and Table

4.2.

Qbar

Fig. 4.18 The circuit of SR latch
Table.4.2 The truth table of SR latch

SR Latch Truth Table
S R Q(n+1) Qbar(n+1)
Statel |0 0 Q(n) Qbar(n)
State2 |1 0 1 0
State3 | O 1 0 1
Stated |1 1 Forbidden

From truth table in Table.4.2, we can know that the state 4 must be forbidden because
when S=1->0 and R=1->0, the output of the SR latch will oscillate. In order to make the
circuit stable, this state must be avoided in any condition. In my clock generator circuit, the
SR latch mainly operates in three states of stael, stae2, and state3 which do not cause

oscillation and instability.

4.7.3 SR Latch Circuit

The SR latch illustrated in section 4.7.2 is used for the pulse-width generator in PWM
control circuit in Fig.4.1. In the steady state operation of the current mode buck regulators,
both inputs of SR latch may not be high simultaneously. But during the startup, the one
input R namely the output of compensator is possibly at high level state because in this
moment the system needs large current to charge output voltage to a desired level. The

other input S fed by clock generator becomes high level periodically. So the two inputs of
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SR latch are possibly at high level simultaneously during the startup time. In order to avoid

this condition, the implementation of the advanced SR latch is shown in Fig.4.19 [18].

General SR Latch

Qbar

) :
S—¢ )0—

Fig. 4.19 The circuit of advanced SR latch

AND and NAND logic gates are added with general SR latch to implement an advanced
SR latch. These two logic gates can ensure that both inputs of general SR latch are not high
simultaneously. The new truth table is shown in Table.4.3

Table.4.3 The truth table of advanced SR latch

SR Latch Truth Table

S R Q(n+1) Qbar(n+1)
Statel |0 0 Q(n) Qbar(n)
State2 |1 0 1 0
State3 | O 1 0 1
Stated |1 1 1 0

From table.4.3, we know that when both inputs are high, the state of the latch is set which
is equal to state 2. So by this implementation, the oscillation and instability problem can be

avoided.
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4.8 Buffer Circuit [18]

In switching regulators, the size of the two power transistors as switching elements
must be large in order to reduce conduction loss. Due to the large size of these two
transistors, it does not have enough ability to drive so large loads by only the PWM control.
Therefore, a buffer with the enough driving ability is needed. Generally, the buffer is
designed by a simple inverter chains. This inverter chains is constituted by the cascaded
inverter stage with a tapering factor of 3 to 4. But if the buffer is poorly designed to let two
power transistors conduct simultaneously, a shoot-through current will occur and large
current which passes through the power transistors will cause the damages of inside
components and an extra large power loss. So a buffer with dead-time which avoids

shoot-through current is needed as shown in Fig.4.20

Power
Transistor

m7 m9 m1l
Buffer
m8 m 10 ml2

!

PN L0 I ey

Fig. 4.20 The circuit of buffer
This buffer shown in Fig.4.20 refers to [18]. The basic operation principle of this buffer is

to confirm that one power transistor turns on after the other power transistor turns off by
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using the feedback signal at P1, P2 and the special inverter with the control stage.
Therefore, the power transistors do not turn on simultaneously and then the shoot-through
current is not caused in any condition.

In my design, I propose an improvement about dead-time. When the power transistor
Mp, turns off gradually, the body diode of power transistor My; will turn on to supply
some current to inductor because in this time the Mp; does not provide enough current to
inductor. Until the Mp; turns off completely, the feedback signal at P1 of buffer just tells
the My to ready to turn on. In this short duration, the body diode of the My; will play an
important role to supply current. Because for the same current, the power loss of body
diode is larger than the designed My, the less this time of body diode conducting will

make power dissipation smaller. This buffer with an improvement is shown in Fig.4.21.

Power
Transistor

Buffer

P3

P et Rttt

zero current signal

Fig. 4.21 The circuit of buffer with an improvement
The main difference of Fig.4.20 and Fig.4.21 is the feedback circuit. The original path of
the feedback signal at P1 is replaced by P3. This new feedback path tells the My to ready
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to turn on when the body diode turns on. By this way it will make My; turn on timely to
reduce the time of body diode conducting. Therefore, it can gain the effect of power-saving.
Moreover, the DCM control is added by the signal ‘zero current signal’. When “zero
current signal” is low level, the regulator operates in CCM and the buffer works normally.
When “zero current signal” is high level, the buffer will turn off both power transistors of

My and Mp, to prevent reverse current and make the regulator operate in DCM properly.

4.9 Current Sensor Circuit [20]

In regulators with current mode control, it must obtain the information of the inductor
current signal to compare with control signal V.in Fig.4.1 to decide desired duty cycle.
Therefore, a current sensor is essential for sensing inductor current signal in current mode

regulators. In my design, a CMOS on-chip current scheme is used shown in Fig.4.22

Current Sensor Buck Power Stage

Tt 1
=

L —— \out

LX
—I Y Y\ o o

Fig. 4.22 The circuit of current sensor
Form section 4.6, we can know that I only need the initial inductor current signal. There

are two states “sensing” and “sleeping” in a period. In state 1 “sensing”, this circuit senses
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the initial current signal and sends this signal to the artificial signal circuit. In state 2
“sleeping”, this circuit turns off all components and sleeps to wait for next state 1. By this
way, the power dissipation of this current sensor will be enormously lowered due to the
short working time. The power losses of general and my condition are explained
mathematically as follows.

Assume Period= 2us, D = 0.2 ~ 0.9, I g = 10mA~500mA, Current of OpAmp=600uA
(for high speed and high slew rate application), R—=1kQ, Mp,= (1/1000)*Mp;.

1. General condition: the current sensor works in the duration of Mp; conducting.

In a period (=2us):

Max power dissipation: ~ ? X [(5 ?SSI)A)Z x 1KQ + 600uA x3.3V] = 2.01x107 (W)
Min power dissipation: = % X [(1100_0m(1)%)2 x IKQ + 600uA x3.3V] = 3.96x10™* (W)
Average power dissipation: = w ~1.2x107° (W) (4-14)

2. My condition: the current sensor works in initial short period (= 50ns).
In a period (=2us):

S0ms 1 AV0MA L 1O + 600uA x3.3V] ~ 5.58x10° (W)
2us - 1000

Max power dissipation: =~

Min power dissipation: =~ 520ns x[( 110(;8?)2 x 1KQ + 600uA x3.3V] ~ 4.95x107° (W)
us

Average power dissipation: = Max + Min ;_ Min ~5.27x107° (W) (4-15)
From above Eq.(4-14) and Eq.(4-15), we can know that the saving of power dissipation is
approximately 22 times in my condition. Therefore, this shows that the power dissipation
in the current sensor circuit almost can be ignored in whole system. This makes the power
dissipation of the current mode regulator have smaller inferiority than the voltage mode
regulator.

After the discussion of power dissipation, the operation of this current sensor circuit is
described. The current sensor is realized by a matched transistor Mp, with the aspect ratio
much smaller than that of the power transistor Mp; in the power stage. In order to achieve

an accurate current sensor, an OpAmp is used to enforce the same voltage at node LX and
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LX1. L and C are off-chip inductor and capacitor of the buck regulator.

In state 1 “sensing”, the OpAmp is turned on and the switch 1 is conducted. In this
time, Mp; and Mp; turn on with Q tied to ground and the drain voltages of Mp; and Mp, are
enforced to same voltage by the OpAmp to make two transistors operate in same condition.
Therefore, the output current Iy .4, Which flows through the power transistor Mp, is
mirrored to the transistor Mp,. The current I on the transistor Mp; is designed smaller than
and proportional to the current I; g on the transistor Mp; by the size ratio of Mp, to Mpj,
1:1000 in my design. So the power dissipation in this scheme is much smaller than
traditional one which uses a sensing resistor in series with the inductor or the power
transistor. Finally, the sensing current I pass through the resistor R to produce the sensing
signal Vi which will be used in artificial signal circuit. The sensing signal Vy is given by

I
V, = xR, =12 xR, (4-16)
1000

The ratio of Vi to I; .4 can be adjusted by the size ratio of Mp, to Mp; and R,. After state 1
“sensing” finishes, the state 2 “sleeping” starts. In this state, the OpAmp and the switch 1
are turned off and the switch 2 is conducted to close the current Is path. By this way, this
current sensor circuit will operate in no-working state and not loss any power. Therefore, it
is to gain the effect of power-saving.

In this circuit, The OpAmp is an important role to produce the accurate current mirror.
In order to achieve a good effect of the virtual short-circuit, the gain of this OpAmp is
designed larger than 60 dB. And because the sampling time is smaller than 50 nao-second,
it would be best to has the slew rate larger than 3.3V/ (1/2*50ns). The gain, phase and
slew-rate of this OpAmp are shown in Fig.4.23 and arranged in Table.4.4.
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Fig.4.23 The OpAmp (a) Gain (b) Phase (c) Slew-Rate

Table.4.4 The frequency characteristics of the operational amplifier (OpAmp)

Corner/Temperature FF/25°C SS/125°C TT/55°C
Waveform symbol U A X

Dc gain 61.8dB 56.3dB 61.4dB
Unity-gain frequency o, 158MHz 185MHz 175MHz
Phase margin in o, 64°C 55°C 60°C
Slew-Rate (V/us) 334 610 432

The simulation results conform to my requirement except SS/125 ° C corner. Al though the

gain and phase margin in SS/125° C are little not enough, these can be tolerated in my

system.
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4,10 Zero Current Detector Circuit [20]

In order to save power, a NMOS transistor with a small on-resistance is used instead
of the diode in my design. The regulator with the diode has no reverse current from the
output capacitor through the diode to ground in light load mode because the diode belongs
to the single-direction switch element which only permits single-direction current to pass.
But if we use the NMOS transistor instead of the diode as the switch element, this
advantage will be lost because the transistor belongs to the bi-direction switch element and
the reverse current from the capacitor through the NMOS transistor to ground will cause an
extra power loss. In order to make the switch characteristic of the transistor be like to the

diode, a zero current detector is used as shown in Fig.4.24 to avoid the reverse current.
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Fig.4.24 The circuit of the zero current detector

As illustrated in Fig.4.24, when the reverse current appears, this current from the
output capacitor through the power transistor My; will make the drain voltage to the source
voltage Vps of the power transistor My, become positive voltage. The main operation
principle is to obtain the time of the zero current by detecting whether the voltage Vpg of
the power NMOS My becomes positive or not. This circuit is composed of a comparator
circuit and a AND gate. The comparator is responsible for the comparison of drain voltage
and source voltage of the power transistor My;. The AND gate decides when this
comparison is valid. (It is designed that it is valid in the duration of My; conducting).

Further, an anti-ringing switch [20] is used. When the zero current signal is high, the buffer
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will turn off all power transistors. The inductor L and the output capacitor C then form an
oscillatory circuit. Large ringing occurs at node LX, causing large switching noise and
EMIL. In order to avoid this phenomenon, an anti-ringing switch is incorporated with the
present design. When all power transistors are off, the anti-ringing switch will conduct to
short the inductor L. By this way, the oscillation loop will be broke and the oscillation

happened in the node LX will not occur.

4.11 Simulation Results

This section describes some critical simulation results of the designed current mode
buck regulator with adjusted-sloop compensation ramp. From this simulation results, the
functions and specifications of the designed regulator can be verified mostly. Some
parasitic components are also included into the whole system to make this simulation more

realistic and believable. The simulation results are as follows.

1. The comparison of the system without and with soft start
>> Vip =3.3V, Vou=3V, [1=500mA

>> The first picture: the output voltage Vo

>> The second picture: the inductor current I

A. without soft start :

curent mode converter:

Vout (V)

Time (i) (TIME)

current inode converter:

IL (A)

T 17 T T T T T T LI T T T
0 0u 100u 150u
Time (lin) (TIME)

Fig.4.25 The system without the soft start
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B. with soft start :

Cuient mode converter,
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Fig.4.26 The system with the soft start
The system without soft start will have an enormous current to 4A in startup as shown in
Fig.4.25. This enormous current possibly causes the damages of the inner components and
EMI problem. Therefore, a soft start circuit is incorporated into the whole system shown in
Fig.4.26. The charging current in Fig.4.26 is not so exaggerated like that in Fig.4.25 in
startup. Although this condition in Fig.4.26 will make startup time become longer than in
Fig.4.25, the damages of the inner components and EMI problem can be effectively

avoided.

2. The comparison of the system without and with zero current detector
>> Vi, =3.3V, Vou=1.8V, [[=10mA
>> The first picture: the output voltage Vou

>> The second picture: the inductor current I,
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A. without zero current detector

current mode converter;

1.808
1.806 [~
1.804
1.802
18 1
1.798 |f -
1.796 [t~
1.794 %~
1.792 -t
1.79 [~
1768 [
T

Vout(V)

T T T
620u 622Zu
Time (lin) (TIME)

curvent mode converter:

100m

512u 614u 616u 618u 620u 622u 624u 626u 628u 630u
Time (lin) (TIME)

Fig.4.27 The system without the zero current detector

B. without zero current detector

cument mode converter;

S |
N— H
= H
> H |
>O f ]

e e e e i B e e e e e R i e e e e e e e e e e e B E e o]

612u 614u 616u 618u 620u 622u 624u 626u 628u 630u

Time (lin) (TIME)
current made converter:
< |
N— E
— H
T

512u 614u B16u §18u 620u 622u 624u 626u 628u 530u
Time (lin} (TIME)

Fig.4.28 The system with the zero current detector

The system without the zero current detector will have an inverse inductor current through
power transistor NMOS to ground as shown in Fig.4.27. This inverse current will cause an
extra power loss. Therefore, in order to save power, a zero current detector is incorporated
into the whole system to sense when the zero current happens and to block the inverse

current. As shown in Fig.4.28, with the zero current detector, the inverse current is
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effectively blocked and it can obtain an extra advantage of smaller output voltage ripple.

3. The comparison of the system without and with anti-ringing switch
>> Vip =3.3V, Vou=1.8V, [L1=10mA

>> The first picture: the output voltage V.

>> The second picture: the connection point of two power transistors Ix

A. without anti-ringing switch

current mode converter:

1.806
1.806 -
1.804 /-
1.802 -

18 [y
1.796 [
1.796 [~
1.794 [~
1.792 [~
1.79 [~
1.786

Vou(V)

612u 614u B16u 18u 620u 622u 624u 626u 628u 630u
Time (lin) (TIME)

current mode converter:

IX(V)

612u 514u B16u 18u 620u 522u 624u 626u 626u 630u
Time (lin) (TIME)

Fig.4.29 The system without the anti-ringing switch

B. with anti-ringing switch

current mode converter;
1.808 H

1.806 f---
1.804 -
1.802 -
18t
1.798
1.796
1.794 -
1.792 -
1.79 |
1.788 |

Vou(V)

T = T = T T T = T = T T T T T T
612u 614u 616u 61du 620u 62Zu B24u 626u 628u 630u

Time (lin) {TIME)
current made converter:

Ix(V)

612u 614u 616u 618u 620u 622u 624u 626u 628u 630u
Time (lin} (TIME)

Fig.4.30 The system with the anti-ringing switch
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If the system has no the anti-ringing switch, the output capacitor and the filter inductor will
constitute an oscillatory circuit in DCM. This will cause the ringing in the connection point
of two power transistors ‘Ix’ as shown in Fig.4.29. Although this phenomenon do not
influence on the operation of the system, it causes the serious EMI problem. Therefore, an
anti-ringing switch must be used in order to avoid this problem. As shown in Fig.4.30, the

system with the anti-ringing switch will not have the ringing in DCM.

4. The Max. output voltage 3V
A. (TT-55°C)

current mode converter:

Vout (V)

________________________________

768u 770u 772u 776u 778u 780u 782u
Time (lin) (TIME)

Fig.4.31 The Max. output voltage in TT corner at 55° C

current mode converter:

3.004 1
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Vout (V)
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Z.8965

2.996 -
R

L e L e e e
F68u TI0u T2u

I
FTdu

e A
776U

766u Time (lin) (TIME)

Fig.4.32 The Max output voltage in FF cornerat 25° C
C. (SS-125°C)
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current mode converter]
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Fig.4.33 The Max. output voltage in SS corner at 125° C

Table.4.5 The arrangement of the Max output voltage

Figure output voltage Output voltage ripple (peak to peak)

Fig.4.31 (TT-55° C) ~3V 3.5mV

Q

Q

Fig.4.32 (FF-55° C) ~3V 4mV

Fig.4.33 (SS-125°C) ~3V 2.5mV

Q

Fig.4.31, 4.32, and 4.33 are the simulation results of the Max. output voltage. Some

specification is arranged shown in Table.4.5.

5. The Min. output voltage 424mV
A. (TT-55°C)

current made converter;

IR N S— SN SR — O — R S— R SR —— S S— R —

s e R R

e N I N e e T .
e B O A e LA L (N R S S FA Y
T T U S B R N T e e e N R

agam Jfgerte e T Y A ¥ I Y SRy Y IR | T

Vout (V)

dzom S L T b b b .

e R e T H N S e e

T e e e s

3560 356u 360U 3I62u 364u 366U 366U 370U J7zu 374u 376u 378 3800 302u 364u
Time (lin) (TIME)

Fig.4.34 The Min. output voltage in TT corner at55° C
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B. (FF-25° C)

432m

430m

428m -

426m

422m ]

Vout (V)

118m

416m -

35u  358u  360u  362u 364 36u  36Bu  370u  372u 374w 376u  3¥Bu 380 362u 384u
Time (lin) (TIME)

Fig.4.35 The Min. output voltage in FF cornerat 25° C
C.(SS-125°C)
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Fig.4.36 The Min. output voltage in SS corner at 125°C
Table.4.6 The arrangement of the Min output voltage

Figure output voltage Output voltage ripple (peak to peak)
Fig.4.34 (TT-55"C) ~424mV ~ 8mV
Fig.4.35 (FF-55°C) ~424mV ~ 8mV
Fig.4.36 (SS-125°C) ~424mV ~ ImV

Fig.4.34, 4.35, and 4.36 are the simulation results of the Min. output voltage. Some

specification is arranged shown in Table.4.5.
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6. Transient Response( Vin =3.3V, Voui=1.8V, | pag= 100mA->600mA->100mA)

>> The first picture: the output voltage Vo

>> The second picture: the inductor current I; and the load current Iy 5aq

g 1.8 7
>O 1.75 7
o IZI]:]u‘ T IZS:IIIII T Isuuutﬁr:e(lm)nﬁlME) 350u 4[ll:luI T I45‘l]uI ‘
O I e T SR
o B i

g A e e —— """"""""""""""" """""""""""""""""""""""""""""" T
g A | m*.**n".i**."*nn*nmm*n
= L L N S SO, S | L HU Uﬂ!ﬂl‘ﬂ!“ﬂ'ﬁ‘_
oa I IZl]:flu ‘‘‘‘‘‘‘‘ Zﬁ‘ﬂu ‘ 3l]Il]u 35:]u 4I]I]u I 45I]u
= Time (lin) (TIME)

Fig.4.37 The Transient Response in Vj,=3.3V and V,=1.8V

Fig.4.37 shows that the variation of the output voltage when the load current varies form

100mA to 600mA and from 600mA to 100mA. The maximum deviation voltage in output

voltage is approximately 60mV and the recovery time which is the duration from the

maximum deviation to 99.9% nominal voltage is approximately 55 micro seconds.

7. Comparison of adjusted-slope and constant-slope compensation ramp

Two differences are shown in Table4.7. I will do some comparison of two schemes by

implementing two circuits as in Table.4.7.

Table.4.7 The difference of the adjusted-slope and the constant-slope

Scheme

(dif. 1) Artificial Signal Block

(dif. 2) The sensing time of Current Sensor

Adjusted-slope

My design

Initial

Constant-slope

V-I converter

Ramp generator

The up-slope state of the inductor current

7.1 Transient Response ( Load current 100mA-> 600mA)

>> The first picture: the inductor current Iy and the load current Iy aq
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>> The second picture: the output voltage Vo

A. ( Vout =1.8V)
>> A: adjusted-slope (compensation slope = Vou/L = 1.8%107)

>> [: constant-slope (compensation slope = Max. Vou/L = 3*107)

curvent mode converter:

. AN RN
< N T NN T N\
<
% 400m i é é
O_a zoo0m |
= . i | |
ZD:Ju ZIJ;Zu ZIJI4u y Iﬁu lelJu Z1|Zu

206u
Time (lin} (TIME)
curvent mode converter:

Vou(V)

206u
Time (lin) (TIME)

Fig.4.38 The comparison of transient response in V;=1.8V
>> A: adjusted-slope (compensation slope = Vou/L = 0.424%107)

>> [: constant-slope (compensation slope = Max. Vou/L = 3*107)

curvent mode converter:

B00M |

400m |

200m |

IL & ILoad (A)

Time (lin) (TIME)
curvent inode converter:

440m
430m
420m
410m -
400m
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370m |

360m —|[ TN
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350m [ - weswhsEEsswssTsswEefe

i H
200u 202u 204u 206u
Time (lin} (TIME)

Fig.4.39 The comparison of transient response in Vo, =424mV
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When the output voltage is equal to 3V, the slope of compensation ramp is the same in

two conditions, so the variations of the output voltage and the inductor current are also the

same. When the output voltage is equal to 1.8V, the slope of the compensation ramp in

adjusted-slope scheme is smaller than that in constant-slope scheme (1.8*107 < 3*107),

The transient response of the load current form 100mA to 600mA in V,,=1.8V is shown in

Fig.4.38. Form Fig.4.38, we can know that the transient time of the inductor current is

faster and this fast transient current makes the deviation of the output voltage smaller (~

9mV) in adjusted-slope scheme than in constant-slope scheme. The same case in

Vour=424mV is shown in Fig.4.39. Form Fig.4.39, we can know that this phenomenon is

more obvious and it also reduce more deviation of the output voltage (~ 15mV).

7.2 Efficiency
>> Vii=3.3V Vo, =1.8V

Efficiency (%)

Yin=3.3% Yout=1.56Y

100 T T T T T T T T T T T
: : : : : : : : —=— adjusted
—&— constant

1+ T S SR ST b e L s ST b R -

20 i i i i i i i i i i i
a0 100 150 200 250 300 350 400 450 a00 550 BO0
Load Current(ma)

Fig.4.40 The comparison of the efficiency

Fig.4.40 shows the efficiency in two conditions. From Fig.4.40, we can know that the

efficiency of adjusted-slope scheme is better than the constant-slope scheme. The main

reason is possibly that the conducting duration of the current sensor is much shorter in
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adjusted-slope scheme than in constant-slope scheme.

8. Performance Summary in simulation

Table.4.8 The performance summary in simulation

Performance Summary

Input Voltage 2.4V~3.6V
Output Voltage 0.424V ~3V
Switching frequency 500kHz
Output Voltage Ripple <20mV
Load current < 600mA
Recovery time ~55us
(100mA—=>600mA) or (600mA->100mA)
Line regulation 0.58% V/V (4.72mV/0.8V)
Load regulation 0.18% V/A ( 0.73mV/400mA)
Efficiency Max 96% (at load 100mA)
Chip Area 1.27 x 1.16 (mm?)
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Chapter

Layout and Measurement

5.1 IC Layout

The layout arrangement of the floor plan is shown as Fig.5.1. The power transistors
and the buffer are located at the upper side. The main feedback circuits are located at the
lower side. The power transistors and the buffer belong to high noise components because

the large amount of current in transient through them would generate high temperature and

i / :
]
]
| //////// :
! '
! //// :
| Power ]
] Power Transistor PMOS Transistor | |
: PMOS '
'
' Buffer |
| :
! '
! '
! '
! '
! '
o o o o o o o o o o o o o e o o e e . '
Guard Ring
taietetetetetetetetatetetetebe ettt g
!  biioiiie Cagaiier
' | Decouple Capecitor | :
| Votage :
: Compensator Analog & Digital Reference !
' Circuits :
: (Other) |
'
]

Fig.5.1 The floor plan of the switching regulator
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serious noise. Therefore, in order to alleviate the influence on the feedback circuit, I use

guard ring to surround these high noise components and lengthen the distance between the

upper-side and the lower-side. The guard ring is also used in feedback circuits to achieve

the better effect in blocking noise.

The layout photo is shown in Fig.5.2. The chip is fabricated by 0.35jum 2P4M

CMOS technology. The active area of the DAC is about 1x0.9 mm” and the total area is
about 1.27x1.16 mm”.

DVDD

DVvDD

DVvDD

BVDD

LV

LX

LX

LX

AVDD

vdivider

p2

soft

el
Hel=Ei=ll =A==
o

i

DGND

DGND

DGND

|
_.fs

BGND

VOUI

AGND

Fig.5.2 The layout photo of the switching regulator
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5.2 Measurement Setup

Fig.5.3 shows the measurement setup of the overall switching regulator testing.
Referring to Fig.5.3, the Angilent 66332A is used to provide the power supply of this chip.
The Angilent N3301A and N3302A constitute the electronic load. This electronic load
instrument is mainly regarded as the equivalent load of this switching regulator. It can
change its impedance value statically and dynamically to measure the load regulation and
the transient response. The voltage probe and the current probe belong to the Angilent
54846A oscilloscope and are used to measure the output voltage and the inductor current.
As for some extra passive components, they are configured according to the requirement

shown in Fig.5.3

Anglient
54846A
Oscilloscope
|
Current Voltage
Probe Probe
DVDD 7 T
BVDD v FAR
Anglient AVDD out

66332A

Power Supply DGND
BGND LX
AGDD

LV p2 soft vdivider

| T

—

Anglient
N3301A+N3302A

J_ NN I C Electronic Load

Fig.5.3 The measurement setup
5.3 Measurement Results

This section will describe some measurements such as static measurement, dynamic

measurement and some performance etc. The measurement results are shown as follows.
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1. The maximum output voltage 3V

=
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(b)
Fig.5.4 Vour=3V @ Vin=3.3V (2) CCM (b) DCM
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2. The medium output voltage 1.8V

@ 10 v Adiv ﬂ Q On Q Wﬂ Q 100 mddiv ﬂ
|

1 Vout
41,
3LX
1 Vout
41,
3LX

.,|-1."_-"

1A

3150 He

(b)

Fig.5.5 Vour=1.8V @ Vin=3.3V (2) CCM (b) DCM
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3. The minimum output voltage 412mV
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Fig.5.6 Vou=412mV @ Vir=3.3V (a) CCM (b) DCM
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4. Transient Response ( I oag from 100mA => 550mA > 100mA @V,:=1.8V)

........... 1.873V Avg. = 1.8V
1 Vout
| i
- — _
' 450mA 21
Load
7\ e —
|Max(1): 1873V ] Min(1): 1.730V ] Pk-Pk(2): 450mA |
(a)
I
I
+ 60us le Avg. = 1.8V
I
I
1 Vout
-" - 1 - _ |
- - I —— R T T S 2 ILoad
E |
I
AX = BOus J 1/AX = 16667kHz ] AY(2) = 453mA |

(b)
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AX = Sous ) 1/AX = 18.182kHz ] AY(2) = 453mA |
(c)

Fig.5.7 Transient response (a) global view: 100mA->550mA->100mA (b) local view:
100mA->550mA (c) local view: 550mA->100mA
5. Regulation

Line Regulation
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(b)
Fig.5.8 Regulation (a) Line Regulation @ I 02 = 300mA (b) Load Regulation @ Vin =
3.3V

6. Efficiency

Fig.5.9 Efficiency in Vou,=1.8V@ Vir=3.3V
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To synthesize above measurements, the detailed data are token down to Table.5.1.
Table.5.1 also shows the comparison of the simulation and measurement results. Because
of the influence of process variation in IC and the parasitic effects in PCB layout, the
practical measurement results are slightly different from and worse than the simulation
results. Although the practical results are worse than the simulation results, the difference
is quite small and can be accepted.

Table.5.1 Summary of measurement results

Simulation Measurement
Input Voltage 2.4V~3.6V 2.2V~3.6V
Output Voltage 0.424V ~3V 0412V ~3V
Switching frequency 500kHz ~550kHz
Output Voltage Ripple <20mV <20mV
Load current < 600mA < 550mA
Recovery time ~55us (100mA—->600mA) ~60us (100mA—->550mA)
~55us (600mA->100mA) ~55us (550mA->100mA)
Deviation Voltage ~60mV (100mA->600mA) | ~70mV (100mA->550mA)
~60mV (600mA—->100mA) | ~73mV (550mA—->100mA)
Line regulation 0.58% V/V 1% V/V
Load regulation 0.18% V/A 0.89% V/A (10mA—->400mA)
0.24% V/A (10mA->500mA)
Efficiency Max 96% (at 100mA) Max 92.3% (at 100mA)

Finally, the measurement of conducted emission is mentioned as follows. The limits is

described in Table 5.2

Table.5.2 Conducted emission limit (a) FCC (b) EN 55022

FCC
Frequency (MHz) Class A (dBuV) Class B (dBuV)
0.45~1.705 60 48
1.705~30 69.5 48
(@)
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EN55022
Frequency (MHz) Class A (dBuV) Class B (dBuV)
- QP AVG QP AVG
0.15~0.5 79 66 66-56 56-46
0.5~5 73 60 56 46
5~30 73 60 60 50
(b)

In measurement setup of conducted emission, the spectrum analyzer 3589A which I use is
not the special instrument for the measurement of the EMI. Thus, it has no unit such as
dBuV and function such as quasi-peak and average. The problem about unit can be solved
by the conversion of dBuV to dBm (dBm = dBuV-107). The other problem about function
can be not solved by mathematical way. So the design of input filter may be over design.
But fortunately, this over-design margin can be regarded as the safe margin to avoid the

influence of other factor. Fig.5.10 shows the frequency spectrum without input filter.

__..:.anq;r-—;e-ggn..,. S;or'sg:op: On
.. Fes BW: 9 100 Hz '« VBW: Off SWp.Time:..182.A05ac MR TO
F-’F MkP Y33 128 Wz -22.09 gpmc  TEAK
iy ‘ Seatirreeery pradnaresy PARCLEARED preenard T L W
o . MORE MKR
@ SEARCH
ZERQ
LogMag OFFSET

...................

I IO O TR | B . MKR ==)
REF LEVEL
MR OFFST
w3 SPAN
ﬂRKER
kI
il

rrrrr

P ITTEELERET

Fig.5.10 Frequency spectrum without input filter in V,,:=1.8V and I 43¢=550mA
The peak value is approximately -22dBm in 523 kHz. -22dBm is equal to 85 dBuV. In this
thesis, the class B is the target. Form Table.5.2, The attenuation can be calculated to

achieve this target.
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FCC:85-48=37 (dBuV) (5-1)
EN55022: 85 —56=29 (dBuV) (5-2)
Result: attenuation =37 (dBuV) (5-3)

The input filter can be designed according to Eq.(5-3) and [22]. The circuit of this input
filter is shown in Fig.5.11

o 12mH 2.2uH 5.6nF
L Y\l Y Y
i
100F == L0uE } G
N AAS LAY L =
1.2mH 2.2uH 5.6nF

Fig.5.11 The complete input filter
Fig.5.12 shows the frequency spectrum with this input filter. The peak value is
approximately -61.63dBm in 523 kHz. -61.63dBm is equal to 45.37 dBuV. With this input

filter the conducted emission can effectively conform to the class B limits of FCC and
EN55022.
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Fig.5.12 Frequency spectrum with input filter in V,=1.8V and 1 53¢=550mA
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Chapter 6

Conclusions and Future Work

In this thesis, a current mode buck regulator with an adjusted-slope compensation
ramp scheme is implemented, including the analysis, circuit implementations and
measurement results. Experimental results show this regulator can work properly in desired
output voltage regardless of D>0.5 or D<0.5. By this adjusted-slope scheme, it can have
not only better performance of gain and bandwidth but also higher efficiency than
traditional constant-slope regulator. And the complexity of circuit design is also reduced
due to omit the addition of sensed inductor current signal and compensation ramp. This
regulator is built with TSMC 0.35um 2P4M 3.3V/5V Mixed Signal CMOS process. In the
measurement, the output current can be up to 550mA and the conversion efficiency can be

up to 92%. Thus, it is suitable for the application of portable products.

This regulator is implemented in this thesis successfully. But some shortcomings must
be improved for better performance. From efficiency in Fig.5.9, we can know the
efficiency is bad in light load (=10mA). Thus, a PFM mode which is suitable for
adjust-slope scheme must be instituted in my system. In addition, the protection circuits are
also needed to set up in my regulator in order to ensure the safe operation of the regulator
and prevent the loading devices from damage. By increasing these considerations, this

regulator will be reliable in practical application.
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